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S U 11 M A It Y '
The research described in tills thesis is concerned 
with the study of a reaction at a gas-solid interface by 
the technique of electron microscopy. The particular 
reaction studded was the oxidation of graphite by dry air 
at 400-800°C carried out inside Siemens Elmiskop I and Ia 
electron microscopes. Two types of graphite were studied, 
British Nuclear Grade and spectroscopically pure natural 
graphite. Both of these were microcrystalline, and ex­
hibited similar oxidation characteristics. Only the {lolo/ 
crystal planes were significantly reactive, and kinetic 
studies upon rates of erosion of these crystal planes 
showed that both graphites had an activation energy for
reaction of 20 i 1 k cal/mole.
Catalytic oxidation of these graphites in the presence 
of small amounts of platinum and palladium evaporated on 
to their surfaces was also studied, with air as the
• oxidising agent. Platinum had little effect upon oxida-
. tion rates below 800°C, but above this temperature 
channels were formed running in the (ll20) crystallo- 
graphic directions. Palladium also brought about catalytic 
oxidation, but did not exhibit any crystallograpliic 
preference in the production of channels: oxidation was 
associated with rapidly moving particles of the metal.
A mechanism is suggested to explain this behaviour.
Part of the thesis is devoted to a study of the 
decoration of graphite with the object of assessing 
defect concentrations* Thus the effect of ultrasonic 
disintegration upon the defect concentration of the 
graphites was carried out. No marked effect was observed; 
defect concentrations being assessed by the decoration of 
the graphite surface with silver particles. From these 
results,and those from other workers,it is suggested that 
decoration only occurs on chemisorbed species, and not 
directly on to defect sites.
High resolution electron microscopy on thin graphite 
flakes revealed an apparent granular structure. The 
appearance of this structure was ascribed to a phase con­
trast phenomenon associated with a slight puckering of 
the graphite lattice. No significant pores in the crystal 
were seen. This last observation,together with contrast 
arising from Moire' fringes in the oxidation experiments,' 
led to the conclusion that non-grain boundary pores lie 
between basal planes. The correlation of Moire^ fringes 
with oxidation morphology showed that graphite cannot be 
considered as a two dimensional structure, but as stacks 
of layer planes from 30-200a in height.
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I N T R O D U C T I O N
The theme of this research can he stated briefly as 
follows.
The electron microscope is unique in that 
microcrystalline specimens can be resolved, and their 
crystal faces indexed whilst retaining an image of the 
overall morphology of the specimen. Previous studies on 
graphite had indicated that the different crystal planes 
had different reaction rates under oxidising conditions; 
in this thesis there is a description of the first attempt 
to study the rate of oxidation of graphite wholly within 
the electron microscope. The techniques involved included 
high resolution microscopy, decoration, and shadowing.
1.
HISTORY
Graphite has been known from very early times, 
though its use was probably limited to decorative purposes, 
for the embellishment of pottery (H.S.Spence 1922).
Agricola (1495-15-50) describes refractory crucibles made of 
graphite, but the true identity of the mineral was not 
established until Scheele (1742-1786) demonstrated the 
carbon content of graphite by igniting it in a current of 
oxygen. This distinguished it from molybdenite, but its 
nature in relationship with diamond and amorphous carbons 
was not established until Sir Humphrey Davy in 1814 burnt 
the three minerals in oxygen, showing that carbonic acid 
gas was produced in each case, and thus concluded that 
carbon existed in three allotropie forms. These three forms 
were distinguished chemically by dissolution in a 
potassium chlorate, nitric acid mixture, when the graphite 
formed yellow flakes of graphitic acid whilst the 
amorphous carbon gave a brown substance that was soluble 
in water. However, this test was not satisfactory in all 
cases as was shown by Charpy in 1909, but no better method 
was available until physical techniques, notably X-ray 
diffraction, were applied to the crystal structure.
The impetus for the study of graphite started with 
the industrial revolution since it was an important 
refractory material for the steel and metallurgical
industries. In 1913 the world production was 120,000 
tons of which 60% were used in crucible retorts, 15% 
in furnace and converter linings, 10% in paints, 10% 
in lubricants and 5% in foundry mouldings. (j.W.Shetley 
1918). This demand could be satisfied from natural sources, 
but as advancing technology required more, both in quality 
and quantity, than was available from natural sources, 
synthetic graphites were produced. The iron and steel 
industries did not require a detailed knowledge of the 
chemistry of the reaction of carbon. However, the more 
exotic technologies of the nuclear and aviation industries 
that arose after the Second World War, made it necessary 
that the surface reactions of graphite be evaluated in 
fine detail, even though 50% of the 500,000,000 tons 
produced in 1966 was still being used by the steel 
industry. The results presented in this thesis show some 
of the information about the surface reactions of graphite 
that can be obtained with the electron microscope.
STRUCTURE OF GRAPHITE
1. Ideal Structure.
With the development of X-ray diffraction a method 
now existed for resolving the absolute structures of 
elemental carbons and Debye and Scherrer in 1917 showed 
that so called ’amorphous' carbon was composed of small 
graphite crystallites having an interlayer spacing - ie. 
c value of 3.4lS. However the stacking sequence of layers 
they proposed was disproved by Hull in 1922 who showed 
that graphite is of a hexagonal close packed structure of 
stacking sequence ABAB (Fig.l.) and this work was con­
firmed by Hassel and Mark, and then by Bernal in 1924.
This structure had a c spacing of 6.82a  and a=b=2.45A. 
Bernal also found that artificial and natural graphites 
have similar structures with the atoms arranged at the 
corners of regular hexagons in parallel planes whose 
vertical distance apart was half the unit cell. This 
structure was also shown by electron diffraction 
(Trendelenburg, Franz and Weland 1933) and the lattice 
parameters agreed with the X-ray data. These workers 
also noted that graphite tended to lie on its basal (0002) 
plane which was parallel to the surface layer. Finch and 
Wilman (1936) and Trezbiatowski (1937) refined the 
lattice parameter data on natural graphite giving values 
of a = 2.4563. and c = 6.6958, but in 1940 Taylor and
Fig. 1.
Hexagonal layer structure of graphite.
\
5 .
ioo ( ioTo )
112 (1122) 
H (x )
Laidler confirmed sone w’crk of Mauguin in 1926 who had
suggested that other graphite structures may he present
from his Laue/ and rotation X-ray difiractometry measure-
ments. Taylor and Laidler found that extra lines
appeared in the X-ray diffraction photograph that
indicated small areas of anomalously stacked material
within the graphite hexagonal structure. The nature of
these anomalous areas was shown hy Lipson and Stokes in
1942 to be a rhombohedrally stacked graphite of ABGABC ..
stacking sequence (Fig.2). The percentage of rhombohedral
structure present was later shown to be variable (Bacon
1950), the amount increasing from 1 0 fo in a high quality
graphite to 17% for an average graphite, and much higher
values being realized after severe mechanical deformation
such as grinding. Chemical and thermal treatments also
change the proportion of rhombohedral stacked structure
present (Taylor and Laidler 1940, Matuyama 1956) showing
that the rhombohedral material readily reverts to a
hexagonal structure. The energy difference between the
two forms is quite small, as has been shown by several
workers (Williamson 1960, Baker, Chou and Kelly 1961)
their values for stacking fault energy lying between
-20„1 and 0.6 ergs cm
Many studies have been made of the transition from 
microcrystalline ’amorphous1 carbon to macrocrystalline 
graphite (eg. Walker, McKinstrj7 and Wright 1953) and the
6.
Fig. 2.
Hexagonal and rhombohedral stacking sequences of graphite.
Hexagonal.
Rhombohedral.
review of knowledge of this transition has been 
summarised by hrgun (1968). However, synthetic graphites 
formed by baking ’amorphous’ carbons or cokes with a 
binder - eg. pitch, at temperatures around 3000°C for a 
few days have lattice parameters that agree with those 
obtained on natural graphite mentioned above. The major 
differences between ’amorphous' carbons and graphite lies 
in their interlayer spacing which is larger than the 3.35xi 
for graphite and their crystallite size which is less than 
3oS. Synthetic graphites tend to be of smaller crystallite 
size than natural graphites, though this is very dependent 
upon the method of preparation.
2. Defect Structure.
The layer structure of graphite means that defects 
within the lattice can be classed as being of basal or 
non-basal character. In the former, glide normal to the 
c axis only involves rupture of the weak interlayer 
bonding forces, and hence stacking faults will readily 
occur in this plane. The stacking faults of this nature 
are usually observed in the electron microscope as a 
network of interacting ribbons of faulted material, the 
cross section of which is shown in Fig.3. Extensive 
studies by Amelinckx, Delavignette and Heerschap have 
been reviewed (.1965). Many other workers have studied the 
formation and removal of rhombohedral stacking structures
8.
Fig. 3.
Basal dislocations in graphite.
9.
c
Model of extended 60° basal dislocations in graphite. No C—C bonds are broken, 
(a) i ne dislocation has total Burgers vector AC. Notice the lamella of rhombohedrally stacked 
material between the two partials; (b) projection on the c-plane of one sheet of carbon atoms 
above and one below the glide plane of the dislocation. The Burgers vectors of the partials are hx 
and b.,. The left partial has pure edge character, whereas the right partial is a 30° mixed dislocation.
introduced into graphite by d e f ormation normal to the 
c axis (Friese ami Kally 1.963, Matuyuna 1956, 1965, 
Williamson I960) nevertheless, though this type of defect 
is of considerable importance in consideration of the 
mechanical properties of graphite, the excess energy 
available in the defect structure is unlikely to be 
sufficient to affect chemical reactivity. The non-basal 
dislocation, however, is generally of much higher energy 
and thus of more chemical significance.
The two simplest types of dislocation of this nature 
that could occur are shown in Fig.4. The majority of 
electron microscope studies have concentrated on basal 
dislocations and ignored those of non-basal character - 
ie. where the Burgers vector intersects the basal plane. 
On occasions the existence of non-basal dislocations has 
been severely doubted (Williamson 1951) but more recent 
studies have confirmed their presence in graphite. The 
first evidence of their existence was provided by Horn 
(1952) who, by optical microscopy, observed spiral growth
patterns on natural graphite crystals with a density of
4- 2approximately 10 dislocations /cm each dislocation
having a step height of approximately 50oX, The presence
of these large screw dislocations was evidently dependent
upon the past history of the graphite since some workers
failed to find them (Fujita and Izui 1960, Amelinckx,
10.
Fig. 4. 
Non-basal dislocations.
10a.
(a)Schematic representation of dislocations having [000c] Burgers 
(a) Screw dislocation; (b) edge dislocation.
Delavignette and Heerschap 1985) whilst others found a 
considerable profusion (Tsuzuku 1957, Austerman Myron 
and Wagner 1967). The only non-basal dislocations con­
sidered in detail by Ainelinckx et.al. in their review 
(1965) were those arising from condensation of vacancies 
to form loops (Fig. 5), but Thomas in a later review (1968) 
deals exclusively with non-basal screw and edge dislocation 
occurring in the lattice and at boundaries of natural 
graphite crystals. Using catalytic oxidation, Thomas and 
Roscoe (1966,1967) have shown that non-basal edge and j
screw dislocations occur extensively in graphite on the 
electron microscope scale as well as on the large scale 
that had been observed previously by Horn (1952). The main 
feature, apart from size, in which the spiral growths of 
Tsuzuku (1957) differed from those of other workers was 
the presence of some hollow screw dislocations. This type 
of dislocation has been observed in other materials when 
large screw dislocations are present and hence is not 
unexpected.
The energy of non-basal dislocations is believed to 
be approximately 10— 15 k cal per atom plane for the core i
i
of the dislocation (Cotterell 1953, Thomas 1968). The j
-.i:
uncertainty about this value arises from the considerable ; 
assumptions that have to be made about the environment 
of the dislocation in the lattice and the allocation of
f.
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j
Fig. 5.
Formation of a loop by condensation of vacancies.
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energy betr/^en ohe core of the dislocation and the 
surrounding strain field, However, the energy is 
sufficient to he of considerable importance with regard 
to chemical reactivity.
Large single crystals of natural graphite are rare, 
and those coherent crystals that are found are generally 
faulted and bent, so that perfection within the crystals 
only extends over a very small area. Bending normal to 
the c axis will generally take place because the crystal 
is readily sheared parallel to the c axis and hence is 
thinner along the c axis than along any other axis. This 
bending gives rise to extensive twinning and small angle 
boundaries within the crystal, resulting in a mosaic 
structure as reported by Dawson and Follet (1959). Their 
studies employed synthetic nuclear grade graphite and
2
they found mean crystallite dimensions of 0.11 ± 0.074 p. 
for the area of individual crystallites which was larger 
than the values reported by Bacon (1958) for a similar 
material, but was much smaller than the values obtained 
for good crystals of natural graphite (Thomas 1965). In 
the case of natural graphite the most prominent features 
of the surface were the twin bands that are visible to 
the naked eye and have been extensively studied 
(Veselovskii and Vasil1ev 1934, Palaehe 1941, Kennedy 
1960, Thomas Hughes and Williams 1963). For graphite a
13.
Fig. 6.
A twin band in graphite.
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twill is derived "by a rotation of 20°481 about an axis in 
the basal plane and along the -C-C- bands as shown in 
Fig.6. Small angle boundaries are also abundant in 
graphite and chemical etching by oxygen in the presence of 
•boric oxide has been used to make them visible by optical 
microscopy (lioscoe and Thomas 1966).
Variations of these grain boundaries producing twist 
and tilt have been the subject of numerous investigations 
and are summarized in the reviews by Amelinckx et.al.1965 
and Thomas (1968).
3. Bonding and Electronic Structure of Graphite.
It is most convenient to discuss the bonding of 
graphite in terms of hybrid orbitals, but these are 
strictly only approximations of what is known of the 
electron probability distributions, and thus intermediate 
states of hybridisation are not only possible but in many 
cases can be regarded as the most probable situation at 
a particular point of the lattice.
The C-C bond length in graphite is 1.415S ’( i J b b e l o h d e  
and Lewis 1960) whilst that in benzene is 1.397^ (Stoicheff 
1954).A larger aromatic molecule such as ovalene has 
a bond length of 1.345 - 1.435X (Donaldson and Robertson 
1953). Thus graphite has similar bond lengths to 
aromatic hydrocarbons and hence falls into the category 
of s p 2 hybridisation, the deloealised it -orbitals, above 
and below the plane of the layers, contributing to the
15.
conduction band at all temperatures above 0°Ko The 
energy of these -C-C- bonds within the layers has been 
calculated by Feilchenfeld (1957) to be 10S k cal /mole 
and therefore unlikely to be readily susceptible to 
chemical attack. From this structure it can be seen that 
little opportunity exists for covalent bond formation 
between the layers in an ideal lattice. The interlayer 
forces are considered to be of van der Waals type but 
estimates have been made of the interlayer bond energy 
(Brennan 1952, Feilchenfeld 1957) giving values of 20 k 
cal/g atom and 7.9 k cal/g atom respectively. A. weak 
covalent bond has been suggested between the layers 
(Digonskii and Krylov 1960) but the evidence is not con­
clusive and so the statement made previously about lack 
of opportunity for covalent bonding is probably correct.
However, even an ideal lattice is of finite size and
together with defects that are present in real lattices,
there are many exposed edges of carbon hexagons where
2
significant deviations from the sp hybridisation must 
occur to satisfy free valencies. Coulson (i960) has 
examined this problem and suggests that three types of 
carbon atom may exist at the termination of crystal layers.-j
a) those with free electrons
b) those paired with a neighbouring carbon atom |
!
giving a partial triple bond, i
2 2 '
c) those that revert to a divalent s p state. j
With the possible exception of the first, all of these 
alternatives would indicate that a terminating carbon 
atom was in a totally different environment from carbon 
atoms enclosed in the ideal lattice. This is borne out 
by the work of de Boer (1940) who found that the -C~C bond 
length was only 1.388 in very small particles of graphite 
compared with 1.41oS in large crystals of graphite.
Clinton and Kaye (1965) found that in thin sections of 
graphites the edges tended to pucker and roll up. They 
suggest that this was due to abrasion of the graphite 
during sectioning, but the strain energy associated with 
the terminating carbon atoms is a possible contributory 
cause. The exfoliation of the edges of graphite layers 
has been observed by other workers (Feates 1967) which 
would indicate that the strain is relieved by movement of 
the individual layer planes and that bonding does not occur 
between the layer planes. A similar effect would occur 
at defects where carbon atoms are exposed, and Ubbelohde 
(1957) has shown that a defect in a layer plane must either 
result in a buckling of the layer planes, when a chemical 
compound is formed by a carbon atom with a foreign atom 
at the defect, or result in trapped unpaired electrons.
From data on similar defects in large aromatic structures 
the buckling of the layer planes in the vicinity of the 
defect would appear the most likely occurrence.
17.
4 * Pore Structure of Graphite,
For a periect graphite of complete hexagonal 
stacking the density should he 2.265 g/ml (Hofmann, Wilm 
and Csalan 1936) hoy/ever this value is rarely achieved 
in practice and synthetic graphites often have densities 
"below 2 g/ml. (Ubbelohde I960). This indicates that there 
are considerable voids in the structure, and it has been 
shown by Dawson and Follett (1959) that British nuclear 
grade graphite contained pores 400 - 800a  wide at 
junctions of three or more crystallites.
In a layer lattice such as graphite the interlayer 
spacing could in theory constitute a pore. However the 
helium density agrees reasonably well with that obtained 
using hexane and methanol (Ubbelohde I960) and thus it 
can be taken that for the definition of pore structure 
the interlayer spacing is inaccessible0 It has been shown, 
however, by Roberts, Harper and Small (1958) that 40% of 
the pores that are accessible are less than 2oX in 
diameter. Access to these pores is improved by oxidation 
(Butcher and Grove 1961) or grinding (Loch, Austin, 
Harrison and Duckworth 1958) which suggests that the 
entrance to the pore is narrow and easily blocked, a 
12 - 22% increase in accessible pore volume being 
achieved after a 6% oxidation (Roberts, Harper and 
Small 1958). This also indicates that the entrances to 
pores are preferentially reactive, but this enhanced
reactivity is not shared by the rest of the pore since 
after the initial rapid change the increase in pore 
volume becomes more gradual. Butcher and Grove (1961) 
suggested for synthetic graphite that the part of the 
graphite derived from the binder during manufacture is 
more reactive than that derived from the filler but there 
appears to be very little evidence to support this theory 
for a good synthetic graphite.
Reactivity of Graphite.
Until modern times the mode of energy production 
from carbon combustion was not investigated, though one
i
of the products of combustion - namely carbonic acid gas - 
has been known since the 18th century. Davy (1814) 
showed that C02 was a product of carbon combustion, and i 
his work was later repeated by Copisarow (1919) who found • 
that CO was also produced together with amorphous carbon, I 
the amount of the latter being dependent upon the 
temperature, and oxygen pressure. j
In modern technology graphite enjoys a wide range of | 
applications as a structural material, rather than as a 
source of energy, hence methods of suppressing its 
reactivity are of considerable importance. This inhibition 
was not possible until a more detailed knowledge of its 
reactions were available, and a vast amount of work has 
been performed to unravel some of the complexities of the 
graphite/02 , graphite/C02 , graphite/H20 and graphite/Hg 
reactions in particular. In this introduction the 
properties of the graphite/02 reaction are dealt with in
'II
some detail since it is of relevance to the results j
i
presented later. Reference is made to other reactions j 
though the features that the differing reaction mechanisms j 
have in common are often of an extremely tenuous nature, 
and hence direct comparisons of different reactant gases 
are not always valid.
20.
Since CO and 00^ were found to be present in the 
effluent gas after reaction, the major problem was whether 
they were both primary products. If not, then the 
equation C + 0^ CO^ might be valid, the reaction
occurring in a single step. The work of Lebeau and Picon
(1924) suggested that graphite readily absorbed a variety 
of gases, since on degassing up to 2000°C in vacuo it gave 
C02 , CO, , CIJ^  and other hydrocarbons. Meyer (1932) 
reacted graphite at 1200°C in such a way that reaction 
products could neither react with each other in the gas 
phase nor return to the graphite surface. Under these con­
ditions CO and CO^ were formed in a 1:1 ratio and gave an 
overall equation of
4C + 302 * 2C02 + 2C0
He suggested that the oxygen penetrated the graphite
lattice where a reactive transition state was formed. 
Sihvonen (1932, 1934, 1935) agreed that the chemisorption 
of oxygen was the first step in the reaction and he pos­
tulated a profusion of intermediates that would give rise 
to CO and C0Q products and explained the mechanism in terras 
of activation energy, quoting an overall value for CO 
formation of 90 k cal /mole, the CO being formed by 
dissolution of keto surface groups formed with the
reactant oxygen.
From results quoted by Meyer (1938), Strickland-
Constable (1944), Audubert and Racz (1945), Duval (1947) 
and Arthur (1951) it became clear that the mode of oxygen 
attack on graphite depended upon temperature, and pressure, 
as well as a large number of subsidiary experimental 
precautions , and that no one reaction mechanism was valid 
over a wide range of experimental conditions. However, it 
was now clear that a multistage reaction was taking place 
with CO and CO^ as primary reaction products, though there 
was considerable disagreement as to the C0/C0o ratio under 
any given set of conditions. Subsequent to 1950 a con­
siderable amount of detailed work on the kinetics of the 
carbon-oxygen reaction was taking place. The main features 
that were being sought were the activation energy, the 
order of reaction, and the rates of production of CO and
A large number of activation energy determinations |
j
were made giving values from 17 k cal /mole (Lewis, |
|
Gilliland and Paxton 1954) to 80 k cal / mole (Blyholder j 
and Eyring 1957). The work of the latter together with that j 
of Hedden and Wicke (1958) showed that one cause of this 
discrepancy in values was the effect of in-pore diffusion 
upon the course of reaction. This diffusion is part of a 
phenomenon known as mass transport and is important when 
solid/gas reactions are being evaluated. The surface of a 
porous solid can be considered to be surrounded by a 
stagnant layer of gas and transport across this layer can
affect the reaction rate. Furthermore transport from a 
reactive site within the solid to the surface can also he 
a limiting factor. Neither of these effects, however, are 
important provided the rate of chemical reaction is not 
faster, than the rate of mass transport. Hence gas/solid 
reaction may he defined as being either chemically or 
diffusion controlled.
Hedden and V/icke (1958) divided the reactions of 
carbon into three zones. In zone 1 the reaction occurring 
was only limited by the chemical properties of the reactants 
and the reactant concentration in all of the available 
pores was similar to that outside the particle. This 
occurred at low temperatures with high gas flow rates and 
the measured activation energy was representative of the 
chemical reaction taking place. At higher temperatures 
the rate of access of reactants to the pores became sig­
nificant with respect to the rate of chemical reaction. . 
Over a wide temperature range the reaction within the 
pores gradually becomes controlled by the rate' of arrival 
of reactant species. This controlling factor defines 
zone II. Earp and Kill (1957) showed that the reaction 
of graphite with air became diffusion controlled above 
700°C. When the flow rate of air passing over the
specimen was increased this threshold temperature rose.
Zone III was reached when the temperature had increased ;
to such a level that not only was the rate of chemical j
23.
reaction much faster than the diffusion of reactant 
species within the pores, hut also faster than diffusion 
of reactant species across the boundary layer to the 
external surface of the graphite. In these latter two 
zones the measured activation is much lower than the true 
chemical activation energy for reaction. The conditions 
under which reaction changes from chemically controlled 
to diffusion controlled has been shown mathematically by 
Thiele (1939) and the implications of this, together with 
experimental verifications, are reviewed by Walker et.al. 
(1959) and Lowry (1963).
This classification of reaction conditions explained 
many of the anomalous values of activation energies 
obtained previously, but several were still outstanding, 
notably those of Blyholder and Eyring (1957) and Meyer 
(1938). Their results, however, were obtained using very 
low oxygen pressures, which would appear to favour a more 
complex reaction mechanism (Walker et.al,1959). Org (1964) 
showed theoretically that the activation energy depends 
upon pressure as well as temperature and the zero order 
reaction observed by Blyholder and Eyring supports this 
theory.
The values for activation energy have been determined 
by measuring the loss of carbon from the grapnite either 
by analysis of the effluent gas, or by weight loss of the 
sample. The accepted value now for the activation energy
24.
in the 500 — 800 C range by these techniques is 
approximately 49 1: cal /mole (Heintz and Parker 1966, 
Hawtin and Gibson 1966) though abnormal conditions such as 
low pressure or gas impurities greatly affect this value. 
To determine the activation energy the rate of reaction 
at various temperatures must be measured to fulfil the 
conditions of the Arrhenius equation. The rates of 
reaction have been found to change during the course of 
reaction by alteration of various parameters because the 
topography of the graphite is changed by the reaction.
The major change is the increase in number of access­
ible pores as oxidation proceeds. The increase in surface 
area caused by less than 10$ burn-off of carbon is a 
factor of 8-10 in some cases, (Walker et. al. 1 9 5 9 / and in 
all cases a significant increase in surface area is found 
(Long and Magnier 1962, 1964). This increased surface area 
does not necessarily result in a proportionate increase in 
reactivity but reliable rates on bulk graphites cannot be 
measured until equilibrium reaction has been established.
In zone I the order of reaction has been found to be 
between zero and 1 with a large number of values being 
reported (Armington 1960, Blyholder and Eyring 1957,
Thomas 1965, Hennig 1962), but the order is obviously as 
susceptible to experimental conditions as the activation 
energy, being dependent upon the type of surface oxide 
formed under a particular environment.
25.
2. Surface Species on Graphijbe.
The work of Smith (1863), Baker (1887), and Lebeau 
and Picon (1924) showed that graphite readily adsorbed 
foreign molecules , with hydrogen and oxygen being the 
principal precursors of the adsorbed species. Sihvonen 
(1932) postulated various carbon-oxygen adsorbed compounds 
but there was considerable controversy as to whether 
adsorbed species were stable on the surface or only 
present as a transition state during reaction (Riley 1937) 
Graphite exhibits the whole spectrum of gas adsorption 
with heats of adsorption varying between 1 and 100 k cal/ 
mole, and these can be divided into two classes
1. Adsorption with an enthalpy of less than 
10 k cal /mole
2. Covalent bonded surface compounds with 
enthalpies up to 100 k cal /mole
Adsorption in the first class is reversible and comes into 
the category of physical adsorption (Donnet 1968), except 
that physisorption is normally regarded as non specific, 
but Morrison and Lander (1966) have shown that ordered 
monolayer structures are obtained when certain gases are 
contacted with graphite under physisorption conditions.
Such gases as symmetrical tribromo benzene, ferric 
chloride and zinc iodide showed this ordering which was 
reminiscent of an epitaxial film. These particular gases 
were chosen to suit the experimental conditions for low
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energy electron diffraction, bat it would not be unlikely 
for a similar effect to occur with simpler gas molecules. 
Furthermore the restriction of physisorption to non 
specific adsorption may not be valid, but until recently 
experimental methods have not been available to detect any 
ordering .of the adsorbed molecules 0
The second class of adsorption is often described as 
chemisorption and involves the formation of covalent bonds 
between specific surface atoms and atoms of the adsorbate. 
In general only monolayer coverage is produced, though 
polymeric surface species are not unknown, and the nature 
of the monolayer is dependent solely upon the chemical 
properties of the atoms involved in its formation. Thus a 
carbon atom in a particular environment on the surface may 
form a different compound to one elsewhere, and therefore 
several types of surface compound may be involved in the 
course of a reaction. By chemical analysis several types of 
functional group have been found to be present on a 
graphite surface exposed to oxygen0 These include carboxyl 
groups (Boehm 1966), quinonoid oxygen (Donnet and Henrich 
I960), carbonyl groups (Boehm, Diehl and Heck 1964) and 
lactones (Rivin 1963). Infra red and low energy electron 
diffraction studies have confirmed these results, but no 
general distribution can be deduced (Boehm Diehl and Heck 
1964), the quantity and nature of surface oxide being 
dependent upon the past history of that particular g r a p h i t e
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Boehm (1968) has shown recently that the formation of 
surface oxides is dependent upon the source of oxygen, 
with acidic surface oxides being formed after treatment 
with nitric oxides and ozone, and basic surface oxides 
being formed after treatment with oxygen. The formation 
of surface oxide was catalysed by protons.
These oxides and other surface compounds are often 
unique to carbon atoms in a particular environment. NHQ 
does not chemisorb onto the same sites as —CEL, and theu
(0002) plane is believed to be free of ehemisorbed oxygen 
(Laine, Vastola and Walker 1963, Hennig 1962), furthermore 
atomic oxygen does not attack the same sites as molecular 
oxygen (Hennig, Dienes, Kosiba 1958): the atomic oxygen 
attacking the cleavage surface normal to the c axis, and 
molecular oxygen attacking the prismatic planes. Hennig 
postulates three possible surface oxide configurations 
(Fig.7) for the oxidation of natural graphite by mole­
cular oxygen below 700°C after degassing the material at 
900°C. The configuration C. he assumes does jiot form to 
any extent since the majority of his results reveal only 
attack on {ll2o} edge atoms - ie. parallel to the C-C 
bonds. Of the three configurations Hennig favours B since 
removal of this oxide by degassing would leave reactive 
carbon atoms exposed on the surface, and it has been found 
(Bonnetain Duval and Letart 1959) that this excess 
temporary reactivity does occur when a carbon surface is
exposed to oxygen after degassing. There is s.ome evidence 
though (Zarifyanz et al 1967) that oxide B is unstable 
even at room temperature and thus this configuration 
should he regarded as an approximation rather than as a 
molecular structure. Yfater vapour appears to behave in a 
similar manner to molecular oxygen, there being very little 
adsorption on the basal plane (Montet 1961). Heating the 
graphite in vacuum does not remove the adsorbed water layer 
quickly, but after 35 minutes heating at 600°C only 83.3# 
of the adsorbed water layer had been removed whilst there 
was still a little water remaining at 1200°C (Hennig 1962). 
These experiments were performed using tritiated water and 
it is of course the tritium that is being monitored and 
not the water molecules.
This reluctance of graphite to release adsorbed 
species leads to question of impurity removal. Long (1961) 
has shown that even heating the graphite to 3500°C does 
not remove completely all impurities and thus all reports 
on graphite reactivity must bear some measure*of doubt 
until the exact role of impurities in oxidation and 
surface oxide formation is elucidated. j
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Surface oxide configurations postulated by Hennig.

3„ Anisotropy of Reaction.
Structurally graphite is a highly anisotropic 
material, behaving in one direction as a covalent solid 
with a high resonance energy, and in the other direction 
as a weakly bound, porous layer solid. Therefore it is not 
surprising that graphite should also be anisotropic with 
regard to its chemical reactivity. Initial experiments 
were performed using natural graphite crystals which were 
large enough to be studied individually under the optical 
microscope. Greer and Topley (1932) observed hexagonal 
holes produced by treating natural Ceylon graphite with 
oxygen at 1 torr at 900°C. They suggested that these holes 
were initiated by trace amounts of iron that were present 
in their graphite. In the same year Meyer (1932) reported 
a similar effect when oxidising graphite at 1200°C but 
concluded that there was preferential oxidation on the 
basal plane. The mechanism he suggested was that oxygen 
penetrated between the lattice layers and then formed a 
reactive entity. In 1935 Boersch and Meyer published 
electron diffraction data which showed that there was 
expansion of the lattice in the c direction when graphite 
was exposed to oxygen between 700°C and 950 C. Riley (193") 
agreed with Meyer about the penetration of oxygen and 
suggested a graphitic oxide type structure formation, 
however, more recent studies (Walker, Mckinstry and 
Wright 1953) have shown that the expansion of the graphite
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lattice is independent of the atmosphere present up to 
1118 C and the penetration theory is not widely supported 
at the present time.
Following the original work of Greer and Topley and 
Meyer, Bakh and Levitin (1934) found that purified Ceylon 
graphite produced round holes in the Basal plane on com­
bustion in air or carbon dioxide, whilst unpurified 
material gave hexagonal holes. At this time the sensitivity 
of graphite to small amounts of impurities was not fully 
appreciated, but nevertheless, these strong indications 
that the reactivity of graphite may be governed by 
crystalline orientation, were not appreciated until Hennig 
published the results of his studies in 1956 and 1959. 
Hennig’s original studies utilised the optical microscope 
for studies of natural graphite crystals at various stages 
of oxidation. He found that the profile of a crystal edge 
after oxidation was dependent upon the crystalline 
orientation of that particular edge, and that basal plane 
\ pitting appeared to take place only when some.catalytic 
impurity was present,, In natural graphite a particular 
feature is the well developed twin lines that are parallel 
to the {ll2o} planes. From the twin lines he was able to 
determine the orientation of the pits that were formed in 
the graphite during oxidation (Fig. 8). He found from his 
studies that below 900°C the edges of his pits were 
perpendicular to the twin lines and concluded that the
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{loio} planes were most stable to oxidation. There is, 
however, some doubt about these results, which was shared 
by Hennig, since he describes these conclusions as in­
complete and emphasises the need for further studies. In 
contrast the anisotropy between the prismatic and basal 
pl ane is quite conclusive. Hennig (1961) finds a value 
for the ratio of the rates of oxidation along and perpen­
dicular to the basal plane (R / ) of 20 belowr 800°C, and9* / O
later Hennig (1962) states that R , is at least 100 at
9 / C
800°C. Horton (1961) obtained values for R / from 1.51a/c
at 614°C to 7.45 at 1432°C, but in this case bulk graphite 
in the form of a disc was used and it was assumed that the 
circular faces of the disc were basal planes - which was 
reasonable since the disc was cleaved - and the edges 
would be composed of a mixture of prismatic and basal 
planes. Thus this ratio has no absolute significance but 
it shows a variation with-temperature which agrees with 
Hennig, though the change is less dramatic. The comparison 
between these two worker’s results shows that*extra­
polation from a single crystal to bulk graphite, is a very 
doubtful exercise, and agreement between the two materials 
is an exception rather than the rule.
Hennig’s studies involved both optical and electron 
microscopy, but in both cases the crystal was allowed to 
react only once, viewed in the microscope, and then dis­
carded, so that rates of reaction were computed from a
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Fig. 8.
Orientation of etch pits with respect to twin lines 
(heavy hlack lines in diagram)
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P e r p e n d i c u l a r
P i t
P a r a l l e l
P i t
..arge number of different crystals. This profusion of
data undoubtedly explains his difficulty in assigning
specific values to Ray c measurements. Further studies on
natural graphite crystals were made by Thomas and Hughes
•,1962a, 1962b , 1963 ,1964c , 1964b ) utilising optical
microscopy, and this work is reviewed by Thomas (1965).
in this case the orientation of etch pits in crystals of
natural graphite was determined by establishing the
lignment of the etch pit in respect of the twin lines in
manner similar to Hennig, and it was established that
^a/e kac* a va-lue o f  26 at 800°C whilst oxidation proceeded
rost favourably on the (lOio] planes. Whilst it is clear
Jhat the E / anisotropy is well established, the a/c r  ’
' ariation between rates of reaction on other crystal plane 
is far less clear. The results of studies upon anisotropy 
for non-eatalysed reactions are summarized in Table I.
This work was all performed on high quality natural 
graphite crystals. The Ticonderoga graphite used by the 
majority of these workers has a large crystal.size, and 
hence edge attack is usually only manifest in pits or 
similar breaks in the crystal. Thus when a pit grows 
laterally by edge attack the planes bordering the pit will 
)e those most resistant to attack, whilst the regression 
>f a straight edge will have exposed the most reactive 
olanes. Therefore it is consistent that Thomas (1962b) 
:hould observe pits parallel to the twin lines with edges
Table I
Type of Oxidising Temperature Catalyst
o,
study agent  C
Optical C02 Not stated None.
Microscopy Present
CO /HC1 " " but not
identified
Optical CO^ " ” Noi^e
Microscopy
C02/C12 " " None
Optical C02 800-900 None
Microscopy
Optical Air Not stated None
Microscopy
Optical Oxygen 900 None
Microscopy 1 torr
Optical Oxygen 760-830 None
Microscopy 10 torr
Optical Oxygen 900 None
Microscopy 10 torr
Optical Oxygen 550 None
Microscopy 100-200 psi
Optical Oxygen 550 None
Microscopy 200-800 psi
Optical Oxygen 830 None
Microscopy 10-100 torr
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Result Reference
Round etch pits 
Hexagonal pits
Pits perpendicular to twin
lines
Pits parallel to twin lines
No effect
No pitting observed
It It It
Pits parallel to jtwin lines 
surface steps [lOloj
Pits perpendicular to twin 
lines also dodecagnal pits
Pits perpendicular to twin
lines
Pits parallel to twin lines
Pits-energy of aetivation(Ea) 
for parallel pits 62±2kcals 
Ea perpendicular pits =
66 + 5kcals
Bakh &
Levitin
1934
Hennig 1956 
Thomas 1962a
Hennig 1956
i» it
Thomas 1962b
Thomas 1963
Patel and 
Bahl 1965
Patel and 
Bahl 1965
Thomas
1964a
Table I
Type of Oxidising
study agent
Electron Atomic 
Microscopy Oxygen
Electron Atomic 
Microscopy Oxygen
Electron Atomic 
Microscopy Oxygen
Electron Wet 
Microscopy Oxygen
Electron Air 
Microscopy
Temperature
200
Not stated
200
550-640
600
Catalyst
None
None
None
None
None
Equal rates of reaction on 
both prismatic planes
Preferential attack on basal
plane
Similar rates parallel and 
perpendicular to basal plane
^lOlo} surface steps
Thomas
1964b
Hennig 1959
Marsh, O ’Hair 
and Reed 1965
Hennig 1961
Pits with edges parallel to Sella and
|l010j planes Trillat 1963
of {ll2o) planes whilst the surface steps assume a 
' (lOlOj character, llennig’s results differ from those of 
Thomas particularly in his definition of the most reactive 
plane as stated previously, hut the variety of data shows 
that the reactivity difference between the two prismatic 
planes is very small for this type of graphite and only a 
slight change in conditions is necessary to change the 
character of oxidation. Therefore it is quite possible 
that graphite from different sources could have different 
relative rates of oxidation between the two prismatic 
planes, though it is unlikely that such a variation could 
be obtained that would cause the basal plane to become the 
most reactive to molecular oxygen.
More recent studies by Long, Gilles, Magnier and Mains 
(1966) and Myers and Gordon (1968) suggest that water is 
necessary for the formation of hexagonal pits but since 
stringent precautions had been taken by the previous 
workers mentioned above, to exclude water from their 
apparatus, the evidence is not fully conclusive. Never­
theless there is little doubt that the presence of traces 
of water severely affect the kinetics of oxidation.
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4 0 M icroscopic Studies of Graphite Oxidation.
The description of the crystallographic 
characteristics of oxidation have been related in the 
previous section, but there is extensive evidence about 
other features of the oxidation that deserves a separate 
title. In 1951 Mitsuishi, Nagasaki and Uyeda observed 
in the electron microscope moire"* patterns on thin sheets 
of graphite, and more extensive studies on these electron 
optical interference patterns were carried out by Dawson 
and Follett (1959) in an attempt to reveal the dislocation 
content of the graphite, and later work by them (i960) 
describes the oxidation of graphite.- The majority of the 
oxidation took place along the edges of each crystallite. 
The graphite was of very small crystallite size, being a 
nuclear grade synthetic material, and the boundaries in 
the mosaic structure were etched rapidly by air at 500°C.
In a few instances pits formed in the centre of the 
crystallites but there was no evidence that the terminating 
half line in the moire^pattern revealed a defect that was
i '
conducive to oxidation. Williamson and Baker (i960) con­
cluded that the terminating half line in the moire^pattern 
was an electron optical artefact and not representative 
of a dislocation. They also concluded that only basal 
dislocations form in graphite, which is now not believed 
to be the case, and therefore some doubt remains. Never­
theless it would appear unlikely that the terminating
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moire' line represents an emergent dislocation in all 
cases, and it certainly does not represent a perfect edge 
dislocation as may be thought at first sight* It does, 
however, represent some discontinuity in the crystal the 
nature of which is uncertain at the present time.
Non--basal dislocations have only been revealed by 
addition of foreign materials to the graphite such as the 
decoration techniques of Hennig (1965), and this precluded 
their study as sites of reactivity because of catalytic 
side effects. Apart from the etch decoration by Hennig 
(1965), the oxidation of graphite by oxygen or air is 
revealed as taking place at grain boundaries or pores in 
the graphite matrix. Pits are occasionally formed but it 
is not clear whether this is due to catalysis by foreign 
material or by emergent dislocations or vacancies. Feates 
(1968) has shown that once a pit is started then it will 
develop in either a hexagonal or triangular manner 
according to the exposure of free valencies at the 
periphery of the pit. It does appear that good hexagonal 
pits are more common in natural graphites than synthetic 
graphites, and thus the nature of the pit is probably 
a function of the crystalline perfection.
At the edges of crystallites the eroded edge is 
generally perpendicular when oxidation is carriedout in 
air or oxygen, but traces of halogens cause the face to 
become rounded (Hennig 1957). Oxidation occurring at
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vacancies on the basal surface of the crystal has been 
carried out using Og/Clg mixtures and subsequent 
decoration by gold has shown that only single atomic laye 
are involved and oxidation is quite rapid. (Hennig 1966, 
Bahl, Thomas and Evans 1967). Oxidation and subsequent 
decoration using other oxidising gases has been carried 
out (Feates 1968) and it is significant that usually 
round holes are formed, whereas in other oxidations men­
tioned previously, hexagonal holes are formed. This may 
indicate that round holes are produced by vacancies and 
angular holes by catalytic oxidation, but reliable 
evidence is not available to support this idea at present
Cata1ytic Oxidation of Graphite.
1. Studies cn Buik Graph ite.
In general it has been found that most metals are 
catalysts for the oxidation of graphite whilst known 
inhibitors are either non-metals or non~rpetli.l Lie in 
character. Parker in collaboration with Rakszawski (1964) 
and Heintz (1966) has investigated both catalysts and 
inhibitors, determining their effect upon reaction rates 
and activation energies. For groups III - VIA elements and 
oxides they found that the kinetic order of the inhibited 
reaction was the same as that of the uninhibited reaction 
- ie. first order - and at 700-800°C with 1 atmosphere 
air pressure the degrees of inhibition or catalysis vary 
widely. For Si and SiO^ inhibition appears to occur by the 
formation of a protective coating, whilst for other 
additives the mechanism is probably the removal of free 
electrons from reactive sites. The inhibitors have very 
little effect on activation energy, and the catalysts 
decrease the activation energy. The later paper by Heintz 
and Parker is concerned with the effect of transition 
metals and inner transition oxides in the temperature 
range 600-700°C. With the exception of F e , Ni and Ta all 
the metals had a positive catalytic effect at 600°C, and 
with the exception of Ta, all were catalysts at 700°C.
A significant feature was that the activation energies 
were often much higher for the catalytic reaction than
for the pure graphite. For example the measured 
activation energy of the pure graphite was 48 k cal / 
mole - in reasonable agreement wixh other workers - 
whilst that for the Pd catalysed reaction was 124.5 k 
cal/mole, but the catalysed reaction rate was higher by 
a factor of 5.5 at 700°C. This effect was also marked in 
Au and P t . Conversely for-Ag the activation energy 
dropped to 11.3 and it inhibited the reaction rate by 14$. 
Therefore the variation in pre-exponential terms in the 
Arrhenius equation is considerable and this is the most 
noticeable feature of catalysis by metallic impurities.
The results from the graphite-air/oxygen reactions 
cannot be generalised to other oxidising gases. Gallagher 
and Barker (1964) found cobalt compounds to be excellent 
catalysts in the presence of oxygen, but indifferent 
catalysts in the presence of CO^.
From these various results it is clear that 
catalysis takes place by a variety of mechanisms and no 
single hypothesis to explain their actions is*valid.
Long and Sykes (1952) postulated an electronic mechanism 
in which the carbon bond is weakened by electron transfer 
to the impurity atom, and this explains many results - 
particularly those of Rakszawski and Parker (1964), but 
the behaviour of Pd and some of the other noble metals 
obviously does not fall into this category and Hennig 
(1962) has described how an intermediate metal - oxygen-
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carbon bridge structure would explain the catalytic 
activity of noble metal particles.
2 o Microscopic Observations.
A major problem is to distinguish catalytic oxidation 
from non catalytic oxidation, and it is probable that pit 
formation is a feature of catalytic oxidation; in pure 
graphite no pits are formed. Not all impurities in the 
graphite, however, cause pitting since channelling or 
even protection of the graphite surface occurs with various 
catalysts. Thomas (1965) has described the effect of F e ,
Ni, Co, Mn, Ta, T i , A g , Mo and B on the oxidation of 
natural graphite, whilst Hennig has used A u , F e , Ni , Ft,
A1 and V. Their results are summarised in Table II.
Kanter and Hennig (1959) suggest that pitting is not a 
normal mode of attack by catalysts but can only occur at 
lattice vacancies, the particular catalyst used in this 
case being iron. Roscoe (1967) has shown that lattice 
imperfections are associated with the formation of etch 
pits, but it is also true that impurities will concen­
trate at lattice defects as shown by the phenomenon of 
decoration both internally and on the crystal surface 
(Bethge 1964, Levinstein and Capio 1967), therefore it is 
likely that both the impurity and the defect contribute 
to the energy necessary for pit formation at that 
particular point.
Previously two theories of catalytic mechanism were 
mentioned, one involving an electronic rearrangement of
t
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the carbon and the other the formation of an inter- 
mediate compound. The evidence for either is not con­
clusive for all catalytic effects, but a further factor 
to be considered is that separate phases and eutectic 
mixtures can also be formed between the catalyst and 
support (Raub and Falkenburg 1964) which may well 
influence the immediate environment and structure of the 
catalytic impurity,,
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Table II
Gas Temperature Catalyst
0 900 Au
2
Ag
0 500 Fe
a
Wet 0o 550-650 Au
a
Dry 02 550-650 Au
Wet 09 550-650 Fe or Auda
Dry 0^ 550-650 Fe or Au
Wet 02 550-650 Ni,Pt,Ag,
02/He 650 Fe
02 720 Mn
720 Ag
A l , V .
Result Reference
Channels in (l2l0) directions Hennig 1959
Channels in (lOlo) directions
Curved channels
{2110) channels Hennig 1962
^LOIC^ channels. Also 
serration of edges. "
Pits perpendicular to twin lines 
Fe has similar activity to Au
Pits formed as above Fe more 
active than Au
Of similar activity to Fe and Au 
when V 'wets' surface then it has 
much higher activity. Catalysis 
occurs in vicinity of particle.
Pits parallel to twin lines Hennig 1957
(ll2o) channels formed preferen­
tially to (lOlo) _channels
(ie. ^1120) > $0l0) ) Thomas 1965
Channels \112(|> —  ^L010)>
Table II cont
Gas Temperature Catalyst 
o,
Result
C
720 MoOg is react- Varied channels 
ive species
720 B (B2°3 is re- {lOlo)^) (ll20) channe 
active species)
Is
Wet 0, 720 B(B203 is re­
active species)
channels
Dry 02 720 Fe Pitting (hexagonal pits)
Fe~0o or Feo0. No activity 2 3 3 4 J
720 Ni Pitting - angular
720 Co Channelling
720 Ti Cylindrical pits
0 (at 2xl0~4torr) 900-1200 Pt ^1120) channels , some pitting
Air 530 Fe(OH)3colloid No catalytic attack
Atomic 0 200 Fe Surface attack inhibited by Fe 
producing hillocks around 
particle with {lOlo} faces
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Reference
Pres land and 
Hedley 1963.
Follett 1964
Marsh, O ’Hair 
and Reed 1965
Decorat ion
When a crystal is covered by a thin evaporated 
layer of gold and heated to 100°C the metal atoms 
coalesce to small nuclei 'which preferentially arrange 
themselves along the discontinuities on the crystal 
surface, such as surface steps (Bassett 1958 Bethge 1964). 
This phenomenon was initially investigated on rock salt 
crystals using Au,Ag,Pt and Pd metals as decoration and 
it was concluded that the metal particles stopped at 
monatomic and higher steps on the crystal surface 
(Bassett 1960, Sella, Conjeaud, and Trillat 1959, Hucher 
and Oberlin 1961). In 1963 Sears and Hudson proposed that 
the metal moved on a layer of adsorbed gas, the crystals 
studied being graphite and molybdenite with silver as a 
decorating agent. Their suggestion was that the movement 
was of a Brownian nature and the cessation of movement 
represented the formation of a true crystallite - 
substrate contact or interface. The silver particles had 
a crystalline character even when mobile, since they 
displayed moire' patterns and were 20-100$. in diameter.
This theory of particle movement was shown to be incom­
plete by Thomas and Walker 1964 who showed that mobility 
was influenced by the atmosphere surrounding the crystal, 
and chemisorbed layers could not be involved since 
graphite does not exhibit chemisorption appreciably on 
its basal plane. At present the explanation of the
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particle movement remains an enigma-but two more recent 
investigations have shown that the problem is more com­
plex than envisaged by Sears and Hudson in the first 
instance o' The first was by Sumner (1966) who decorated 
rock salt with platinum and observed the usual result of 
isolated particles 200-300X apart distributed at surface 
imperfections. However on dissolving away the rock salt 
it was found that a coherent film was obtained indicating 
that the platinum particles were islands on a continuous 
structureless film, that had evenly covered the rock salt 
surface. Strenuous efforts were made to ensure that this 
film did not consist of hydrocarbons, but the film was 
obtained even in an ion-pumped system, and no film was 
obtained without the evaporated platinum present. This 
work agrees with the proposal by Nifontoff (1954) that 
conduction in thin granular films is via a thin semi­
conducting layer of metal containing oxygen and other 
impurity atoms. A phenomenon of this nature would explain 
the effect on metal of mobility of different gases shown 
by Thomas and Walker. The other recent work referred to 
was that of Leviston and Capio (1967) who were able to 
decorate LiNbO^ and Li Ta 0^ internally with platinum at 
600°C with an applied D.C. field of 250-1000 v/cm. The 
metal diffused into the crystal and collected at dis­
location sites. The mechanism was obviously not movement 
on an adsorbed layer, but since the conditions are
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different from normal decoration then possibly an 
anology is not possible. The decoration of surface steps 
on the crystals was clear from the initial work of 
Bassett but whether the steps are monatomie was still in 
doubt even after Bethge had shown the decoration of 
evaporation spirals in rock salt. Bahl, Evans and Thomas 
(1967) resolved the problem beyond doubt by studying the 
decoration of molybdenite where the alternative layers 
of molybdenum atoms are at 60° t° each other. Successive 
etching and decoration of molybdenite surfaces showed that 
at vacancies, pits were decorated whose sides w'ere aligned 
at 60°, therefore illuminating the layer planes 6.15S. 
apart„
In addition to the decoration of surface steps 
Hennig (1964) extended the technique to include dislocations, 
and point defects. Particles of gold aggregated at 
apparently perfect regions of the crystal surface and the
!
concentration of aggregates was the same order of i
!
magnitude as the defect concentration. At higher 
temperatures the decoration count decreased, and after 
irradiation it increased, again in a manner typical of 
defectso Surface impurities such as adsorbed water or 
acetone also affected the decoration, in some cases 
preventing decoration completely, and various reactive 
gases produced patterns unique to that particular gas.
Adamson used silver decoration to estimate the defect
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concentration of natural and synthetic graphites 
obtaining values of 0.95 x 1051 particles/cm^ and 
1.68 x 10!5 particles/cra respectively, but he stressed 
that these cannot be taken as absolute figures since the 
quantity of silver evaporated, and other factors could 
influence the values. Hence decoration counts should be 
regarded as relative measures of defect concentration 
rather than absolute values.
Etch decoration.
This particular technique was pioneered by Hennig 
(1964) and involved the etching of vacancies on a crystal 
and subsequently decorating the monatoraic edges to the pit 
thus formed, usually with gold. Extensive work using this 
technique has been done by Hennig 1964,1965a,1965b, Montet 
and Myers 1968, Myers and Gordon 1968, Feates 1968, but 
in general it has been applied only to high quality 
natural crystals since more defective synthetic graphites 
would render interpretation difficult. Measurement of pit 
expansion has given some kinetic values of the reactivity 
of edge atoms compared to basal plane and this technique 
has proved particularly useful for radiolytic reactions 
where vacancy production is a property of high energy 
radiation.
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OBJECT.OF PRESENT STUDY
The work of Thomas and Hennig had shown a definite 
chemical anisotropy in large natural graphite crystals, 
hut it was not possible to study the synthetic or 
microcrystalline graphites by their methods. The value 
inherent in a study of synthetic graphites is that they 
are of considerable commercial importance, and are also 
reproduceable in character and impurity content, making 
results .obtained with them of much wider interest.
However the vast amount of study on graphite that has 
preceded this present work meant that there was available 
a reasonable knowledge of how graphite should behave when 
oxidised with air inside the electron microscope, and yet 
there was an opportunity to elucidate finer points of the 
behaviour, and possibly gain a greater understanding of 
Juhe chemical reactions taking place at the graphite 
surface.
Therefore subsequent to the experimental.problem of 
designing a suitable apparatus in which the reactions 
could be conducted, three further problems could be 
defined:-
1. To correlate types of reaction observed inside the 
electron microscope, with those observed by other 
methods.
2. To follow a kinetic study inside the electron
microscope, to obtain details of anistropy of 
reaction, not only between the basal plane and 
prismatic planes, but also between individual pris­
matic planes.
3. To correlate features of the graphite structure with 
varying degrees of chemical reactivity.
In view of the close affinity this work has with 
catalytic react ions,the behaviour of palladium as an 
oxidation catalyst for graphite was also studied. This 
work was in parallel with that being done also at this 
university on the behaviour of palladium supported on 
graphite as a catalyst for the hydrogenation of olefins 
(Brownlee, Pryer and Webb 1969).
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EXPERIMENTAL
Materials
1. Graphite
Two types of graphite were studied, one a poly­
crystalline synthetic graphite that had been made to the 
British Nuclear grade A specification (P.G.A.) and the 
other a spectroscopically pure natural graphite (S.P.l.) 
The latter is a purified graphite from Ceylon or 
Madagascar and has a greater crystallite size and is of 
lower defect content than the synthetic graphite. The 
impurity contents of the two graphites are shown in Table 
III (Labaton 1965). The S.P.l. graphite is of lower 
overall impurity content, whereas the nuclear graphite is 
only of comparable purity in elements of high neutron 
capture cross-section. However the S.P.l. graphite 
resembles the synthetic graphite much more closely than it 
did the natural graphites used by Thomas and Hennig in 
their studies, its crystallite size being of the same 
order of magnitude as that of the nuclear graphite.
2 o Reactant gas
Atmospheric air was used throughout as an oxidising 
agent and was purified by being passed slowly through a 
liquid-nitrogen cooled trap, and collected in a 5 litre 
bulb.
3. Me t a1s
The silver used for decoration was in the form of
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Fig- 9 -
Gas purification equipment.
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Table III 
Typical Analysis for Impurity (p .p.m. )
S.P.I. Maximum P.G. A. Range
Ash - .005 - .025
Aluminium .015 .25 - 2.o
barium .015 .3 - 15
Beryllium .015 • o CO - .03
Bismuth .06 .06 - .15
Boron .02 .03 - .16
Calcium .15 7 - 60
Chromium .015 .1 - .7
Cobalt .015 .01 - .03
Copper .04 .01 - .5
Iron .05 2 - 16
Lead .025 ' .04 - 2.5
Lithium . 00*5 .04 - .15
Magnesium .025
COo• - 1.5
Manganese .015 .01 -
COo•
Nickel .025 • o CO - 8
Phosphorus - .1 - .2
Silicon . 15 15 - 60
Sodium .1 1 - 2
Tungsten . 0 8 . 0 8 - 2
Vanadium .02 .4 - 30
Zinc . 0 8
COoo - .2
Others .045 .1 — 1 . 6 4
99.9% pure v/ire. The palladium was also as wire and 
obtained from Johnson Matthey the quoted purity being 
99.99%
Specimen Preparation.
^ * Specimen support fi1ms.
For the kinetic studies that required the supports to
be inert and stable up to 900°C the most suitable were
found to be seven holed platinum-iridium mounts covered
by silicon monoxide/dioxide films. Thin formvar plastic
films were first put on the mount by drying an ethylene
dichloride solution of formvar on to a glass slide and the
resultant film was then floated off on water. The mounts
were raised underneath the film so that the film was
removed from the water surface, and dried on the mounts.
A silicon monoxide/dioxide mixture was then evaporated on
to the formvar by the method of Heidenreich and Peck
(1943). The powdered mixture of silicon oxides was placed
in a molybdenum boat and evaporated under a vacuum of 
—510 torr using a lOv 60amp transformer. The formvar was 
then removed by heating to a dull red heat in a silica 
crucible.
One difficulty with the kinetic studies was that the 
thermal cycling necessary for degassing, and then 
reaction, resulted in rupture of the films at some point 
during the course of the experiment. It was found that if 
the formvar was not removed by the conventional method
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described, bat left on the mount, then it was completely 
removed during the degassing period. This meant that in 
the initial stages of heating the film was separated from 
the platinum-iridium mount by the formvar layer, and thus 
was not subject to the mechanical stresses caused by 
thermal expansion of the mount. Once the temperature had 
risen about 200-300°C all.the formvar had disappeared but 
the film was less inclined to rupture above these 
temperatures, and this method of formvar removal was used 
in the majority of experiments. Prior to this only about 
10% of the experiments could be concluded because of 
rupture of the support film.
For high resolution studies perforated carbon films 
on platinum-iridium mounts were used since the structure 
of carbon films is finer than that of silica (ie. silicon 
monoxide/dioxide) films. These were prepared by floating 
off wet formvar films (ie. they were sprayed with water 
from an atomizer before the ethylene dichloride had all 
evaporated) and then evaporating carbon by the method of 
Bradley (1954). Holes were obtained of sizes ranging from 
100-5000S in diameter, over which graphite flakes could 
be supported.
2. Graphite
The purified natural graphite S.P.l. was obtained 
as a powder and by placing a small amount in a test tube 
with distilled water and repeatedly centrifuging and
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withdrawing the supernatant liquid, a clean sample was 
obtained. This material was suspended in distilled water 
and subjected to ultrasonic disintegration (80kc/sec) 
for 30 seconds, the suspension was then allowed to stand 
to allow the large particles to settle. A drop of the fine 
supernatant suspension was put on to a mounted support 
film and dried in an oven- at 50°C. The specimen was then 
ready for experimental treatment.
The nuclear grade graphite was in block form and 
thus powder was pared off the block with a razor blade to 
be disintegrated and mounted in the same way as the S.P.l.
Some doubts have been cast upon the ultrasonic 
preparation of graphite (K.Carr 1965) and therefore 
several graphite samples were decorated after being sub­
jected to ultrasonic disintegration for varying lengths 
of time, as well as being prepared by dusting the dry 
graphite on to a support film. From the information 
obtained it appeared that a 30 second period of dis­
integration in water would not give rise to any abnormal 
effects in the graphite, and thus this procedure was 
followed throughout.
3. Decoration.
A known weight of silver was evaporated from a clean
tungsten filament which was a known distance above the
specimens to be decorated. This operation was carried
-4under a vacuum of better than 10 torr in an Edwards
12 E6 coating unit. Assuming that the head of silver on 
the tungsten film can he regarded as a point source - 
which is reasonable, provided the specimens are more than 
10cm from the head - then a spherical distribution of 
evaporated metal from the head can also he assumed. Thus
an expression for the thickness of metal on the specimen
can be derived:-
o
t = m x 10 0
4 , tt . r ; d
where t is thickness of metal deposited (X)
r is distance of sgecimen from source (cm)
d is density (g/cm )
Since the film is of granular s.tructure this is only
an approximation, hut normally the amount of silver 
employed was such as to give a 5oX film by this formula. 
Whilst still under vacuum in the coating unit the 
specimens were then heated to 300-320°C to cause the metal 
to become mobile and migrate over the graphite and 
decorate the surface. Below 290°C decoration did not occur 
and above 350°C the metal nucleated into larger drops.
The time of heating was approximately 2 min and the 
procedure was carried out on a carbon rod with an embedded 
platinum/rhodium thermocouple.
Initially experiments were carried out as described 
above, but the decoration counts - ie. ratio of particles 
on graphite to those on background support film - were 
not reproducible. This scatter in data was eliminated by
preheating the graphite to S00°c in a vacuum of lo'"°torr,
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immediately prior to decoration. This temperature had 
been found sufficient to remove the majority of impurities 
from the graphite surface (Montet 1962). Much better data 
was then obtained.
4, Shadowing.
This technique highlights the three dimensional 
structure of the specimen. Several unreacted specimens 
were shadowed to show the angular configuration of some of 
the layer planes and also some specimens after reaction. j 
Not all the specimens after reaction were shadowed success­
fully, because the films - already weak after the thermal 
cycling they had undergone - ruptured so that the specimen 
was lost.
The technique was basically as follows. A metal was 
evaporated from a tungsten filament on to a specimen 
inclined at an angle to the line between the source and 
the specimen, so that metal fell on the specimen obliquely, 
causing a build up of material on one side of an object 
and leaving a shadow on the opposite side. Since the 
oblique angle is preset, the height of objects can be 
calculated from the length of the shadow.
Two materials were used for shadowing, one a nickel- 
palladium alloy and the other a platinum-carbon mixture.
The details of shadowing with these particular materials 
are described by Bradley in a book edited by Kay (1965.)
The angle generally employed was 15° and the vacuum
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— 5was maintained at better than 5 x 10 torr. It was found
that finer detail was obtained with the pressure in this
- 4range, rather than 10 torr used for decoration. A layer
of metal approximately 100a  thick was deposited.
In the catalytic oxidation experiments when palladium
was employed, the metal was evaporated on to the specimen
by a similar technique, except that the plane of the
specimen was set normal to the line between the source and
trie specimen and not at an angle to it.
cimen Treatment
1. Reactions outside the electron microscope.
Although extensive studies have been made employing
these techniques by other workers, it was felt necessary
to perform a few experiments to check that the mode of
reaction observed in the microscope was representative and
not a function of the specimen environment. The apparatus
is shown in Fig.10, and Fig.11 shows details of the
reaction furnace. The vacuum was maintained via a conven-
-6tional glass high vacuum line with pressures of 5 x 10 
torr being usually obtained. The gas was supplied from a 
5 litre reservoir that was filled by the gas purification 
line shown in Fig. 9„ As the gas purification line was 
part of this same apparatus, gases could be transferred 
with no danger of contamination. Gas pressures above 
0.1 torr were measured on a mercury manometer, the mercury 
vapour being trapped by the CO^/acetone cold trap
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Fig. 10.
Apparatus constructed to study graphite oxidation outside
the electron microscope.
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studies outside the electron microscope.
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interposed between the manometer and the vacuum line.
Care was taken to ensure that gas movements were slow to 
prevent mercury vapour being carried over. The reactant 
gas (air) flow was controlled by a needle valve which 
supplied the gas to the orifice in the reaction chamber. 
This chamber was a 1 litre bulb which had been extensively 
adapted as shown in the diagram. Because of high 
temperatures the end of the orifice was constructed of 
silica glass and the gas flowed upwards, through the fur­
nace, after which it was pumped away through a cold trap 
and rotary pump0 Fig.10. is diagrammatic, but for 
removal of the reaction chamber, the waxed spherical 
joints could be released and the chamber taken away.
After viewing specimens in the electron microscope 
at the commencement of each experiment, the specimens were 
placed in the furnace which had been removed from the 
chamber, and the thermocouple position adjusted so that 
the junction was adjacent to the specimens. Using the long 
thermocouple leads that passed through a BIO cone in the 
top of the greased flanged joint, the furnace was lowered 
into the chamber where it was held in position by 
screwing the steel rods into the threaded brass inserts 
on either side of the furnace. The -g- inch Edwards 
couplings on the other ends of the steel rods were then 
tightened on "0" rings to give vacuum seals. The chamber 
was clamped into position and the spherical joints waxed
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together, the free rotation inherent in a spherical 
joint ensuring that the apparatus was not under strain.
After pumping out the chamber the furnace was heated 
by passing an alternating current through the nichrome 
windings via the steel rods. The current was controlled 
by a variable transformer. After degassing the specimen 
for one hour - generally at 50°C above the reaction 
temperature - the gas was admitted via the needle valve. 
Both static and flow experiments could be performed in 
this apparatus and a temperature of 850°C could be sus­
tained without the glass walls of the chamber exceeding 
70°C.
Whilst this apparatus performed satisfactorily for 
the experiments required, the Sindanyo asbestos of which 
the furnace was constructed was not an ideal material for 
prolonged studies. Asbestos fibres tended to migrate on to 
the specimen and for future studies a stainless steel or 
platinum liner to the furnace would be more suitable.
\ This particular design was made to simulate the
conditions within the electron microscope as closely as 
possible. Other more conventional furnaces generally have 
disadvantages that outweigh the extra complexity involved 
in this design.
The majority of the experiments involved reaction of 
the graphite at 400-500°C with dry air for 15 min and 
then viewing in the electron microscope to observe the
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morphology of the oxidation. Replacement of the sample 
in the furnace and performing subsequent reactions upon it 
were not very successful because of increased contamina­
tion, and high liability of rupture of the support film.
2• Reaction inside the electron microscope - Gas reaction 
stages.
The electron microscope was not envisaged as a tool 
for chemistry, and even today the microscope is commerci­
ally designed for the metallurgist or biologist. There­
fore it is necessary for the chemist to adapt the electron 
microscope to his own particular needs, and for this 
particular work the laboratory could be regarded as the 
specimen chamber of the electron microscope.
Previous workers had introduced gas into the electron 
microscope with one of three aims in view.
I. To reduce specimen contamination
II.To observe crystal growth - particularly 
for oxides.
III.To observe biological systems in their 
natural state.
Those with the first aim include earlier workers 
such as Von Ardenne (1948), Heide (1958) and Pashley and 
Presland (1962) the principle employed being to enclose 
the specimen in an oxygen or air environment at approx­
imately 10 torr, and this would oxidise any contamination 
on the specimen. The atmosphere was generally sealed from
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the microscope vacuum hy thin films placed across 
apertures above and below the specimen.
This method of enclosing the atmosphere has been 
widely employed by workers in the other two fields of 
study. Abrams and McBain (1944) waxed two apertures to­
gether, using the enclosed space to support their 
specimen, whilst Stoyanova (1959) used collodion films to 
enclose the whole specimen chamber. The latter studied the 
reaction of silver and hydrogen sulphide in the presence 
of oxygen inside the specimen chamber.
This approach had a severe disadvantage in that the 
specimen could not be altered far from room temperature. 
The reason for this is that plastic films will not with­
stand heat without melting, and the stresses induced in 
silica and carbon films lead to their rupture, the films 
having to cover a large aperture so that the electron beam 
can scan the specimen. Carbon films are also unsuitable 
in an oxidising atmosphere because of their reactivity.
I Another method of treating the problem has been to admit 
gas adjacent to the specimen through a small orifice 
whilst pumping through a much larger orifice on the other 
side of the specimen which is mounted on a grid heater 
(Hashimoto et al 1966). The difficulties with this 
technique are that it requires a large specimen chamber 
for the various gas and electrical services and it also 
requires that the grid heater be chemically inert to both
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the specimen and reactant gas0 As has been described, 
metals' are often mobile at temperatures considerably below 
their bulk melting points and this specification for the 
grid heater has not been fully realised (Feates 1967).
The large specimen chamber has been a feature of Japanese 
commercial microscopes, and this has permitted several 
variations on the window and gas flow techniques des­
cribed (llo and Hiziva 1958, Hiziya, Hashimoto, Watanabe, 
and Mihama 1958). In the Siemens Elmiskop 1 and 1A 
microscopes used in the present work, the space around 
the specimen is very limited and thus a different approach 
had to be made, though towards the end of the studies a 
large object chamber attachment did become available.
The apparatus to be designed and constructed had to 
fulfil various requirements:-
o
1.To operate at temperatures up to 1000 C
2.To maintain this temperature in the presence of 
reactant gas, whilst viewing was in progress.
3.Not to be a permanent attachment to the electron 
microscope so that the microscope could easily be 
returned to its usual state for normal use.
4oNot to cause any damage to the microscope.
First Gas Reaction Stage
Because of difficulties encountered with grid heaters 
these were not considered suitable and a furnace of tubular 
design was preferred. A furnace of this nature was com­
mercially available from Siemens and it had the added
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advantage that the heating element was shielded from the 
reactant gas. Also the platinum parts in contact with the 
specimen were sufficiently massive to prevent local heatingj 
and migration of metal on to the specimen. However this ! 
furnace could not be adapted to take a gas supply through 
it, and since it was in a very restricted environment, it 
was decided to introduce the gas supply through the object­
ive aperture drive which was only 4mm away from the specime 
The positions of the furnace and objective aperture drive 
are shown in Fig.12 and details of the aperture drive shown 
in Fig.13. The gas was admitted through a hole 0.2mm dia­
meter made at the end of the aperture drive and then the ga 
flowed past the variable objective aperture, up through the 
objective pole piece - the 300 ya decontamination aperture 
having been removed - over the specimen and out through the 
specimen chamber vacuum port.
1. Constructional details of apparatus
The reactant gas supply (Fig.14) was from a 5 litre 
glass bulb connected to a small mobile high vacuum 
apparatus. This high vacuum attachment was necessary to 
prevent any unwanted gas entering the bleed line to the 
objective aperture drive, and would have permitted a 
changing of gas supplies without admission of air had this 
been necessary. The vacuum apparatus is of a mixed glass/ 
metal construction, it being preferred to have most of 
the gas passage through glass tubing since it is easier
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Position t)f hollow objective aperture drive in microscope
column.
A. Electron beam.
B. Vacuum port.
C. Specimen stage.
Do Heating cartridge.
E. Specimen.
F. Hole for admission of gas.
G. Variable objective aperture.
Ho Objective aperture holder.
I. Objective pole piece.
J.K.Electrical connections for heating cartridge.
L. Standard vacuum union.
M. Pirani gauge for gas’pressure measurement in bleed line. 
N. Gas supply.
0. Needle valve for flow control.
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Fig. 13.
Hollow objective aperture drive.
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Fig. 14,
Reactant gas supply.
76.
-^ ~l Rotary pump
C a p s u l e  d i a l  
g a  u g e
0-760 Torr ( / O
S
I l i q u i d  t 
| c o l d  t r a
'•i
o l d  t r a p
n  r
L— i
A i r - c o o l e d  d i f f u s i o n  
p u m p
b l e e d  l i n e  
t o  m i c r o s c o p e
5  l i t r e  
g a s
reservoir
P i r a n i  g a u g e
^ C o p p e r  t u b e  
i G l a s s  t u b e
I Z C o p p e  r  v a l v e  
Z Z 3 ( J j t z z : G l a s s  v a l v e
to degas and any large contamination is visible. The 
bleed line, however, had to he of metal and was of */l6 in.
I.D (g-in.O.D.) copper tubing with hard soldered unions for 
the various connections. The small diameter results in a 
very slow evacuation of the tube at the commencement of 
each experiment, and thus the vacuum system of the gas 
supply apparatus was used to help evacuate this line which 
was heated with a flame to remove adsorbed gases from its 
walls. As shown in Fig.12 this line was connected direct­
ly to the objective aperture drive, but for particular 
experiments, drying tubes etc. were inserted between the 
line and the drive.
In the aperture drive shown in Fig. 13 A-B is J'/l6 in. 
0,Do brass tubing fitted inside larger tubing C-B. A-C 
represents the inner brass tube that had been flattened 
and shaped to resemble a normal objective aperture drive. 
The end of A was sealed with hard solder and the upper 
side pierced near A to give a gas exit hole of 0.2 mm 
diameter. C-D is a brass tube ^/16 in.I.D. and externally 
it is similar to a normal objective shaft except that the 
threaded portion near D is constructed from a standard 
drive thread that had been drilled to take the ^/16 in.
O.D. tube. This threaded portion was fastened to the end 
of the shaft with epoxy resin adhesive. The movable link 
on a standard drive was omitted and the brass tube ex­
tended so that the length A-D is the same as a standard
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drive. E is a standard sealing gasket held in place by 
a circlip, and F-G the standard Siemens objective aper­
ture drive mechanism. The */l6 in 0.D. brass tubing was 
very liable to fracture if bent, and so for the section 
D-H some g-in O.h. copper tubing was slid over the brass 
tubing to give added mechanical strength, and facilitate 
the attachment of a ^/16 in. bore Edwards high vacuum 
union at I. 1Araldite' epoxy resin adhesive was used to 
fix the copper tube on to the inner brass one, and the 
same adhesive held the locating pins in position at J.
The original pin in the drive was fitted through the shaft 
and made of case hardened steel. The two pins replacing it 
were made of stainless steel and were screwed into small 
tapped recesses in the shaft before fixing with adhesive. 
All the vacuum joints were made with hard (silver) solder 
and minor adjustments to the length of the shaft were made 
by altering the position of the threaded portion in the 
drive mechanism.
\ Whilst in position the microscope could be used for
bright field, dark field, and diffraction in the normal way 
2• Calibration of apparatus.
a. Gas flow rate.
A vessel of known volume with a capsule dial gauge 
(0-760 torr) attached was substituted for the 5 litre gas 
reservoir. Initially the vacuum line volume was deter­
mined by expanding a known pressure of gas into it from
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the calibrated vessel, and then the decrease in pressure
during a fixed length of time was determined with the
needle valve at a known setting. For gas reaction
experiments with the microscope operating the determining
value for gas flow depended upon the maximum pressure
that could be tolerated within the whole microscope and
-4this was 5 x 10 torr before the high tension automaticall 
switched off0 The variation of flow rate with microscope 
pressure was surprisingly small, for with a pressure of 
approximately 300 torr of air in the gas reservoir the flow 
rate varied between 0.72 - 1.16 ccs (NTP)/min for a
_4
microscope pressure variation of 1-4 x 10 torr.
The microscope pressure represented the gas that 
passed through the apparatus together with any leaks in 
the microscope, and was measured above the diffusion pump 
of the microscope vacuum system. It is therefore unrep­
resentative of any gas pressure in the vicinity of the 
specimen and thus has no significance with respect to the 
reaction; experimentally it was a critical parameter for 
microscope operation. The pressure of gas in the bleed 
line was approximately 300 torr and it vented only 4 mm 
away from the specimen. In the vacuum to which it was ad­
mitted the mean free path of air molecules is considerably 
greater than 4 mm, and it can be assumed that the specimen 
was exposed- to air molecules in a very much greater con­
centration than was the rest of the microscope. Thus the
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Fig. 15.
Siemens heating cartridge.
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reactanii gas pressure was probably between 150 and 300 
torr in the vicinity of the specimen, but there was no 
way of checking this assumption,
b. Specimen temperature.
The furnace supplied by Siemens was calibrated by a 
graph of temperature dependence upon power input. This 
graph was not precise and also it was dependent upon the 
furnace being used in normal electron microscope conditions. 
In this particular case, the furnace was in a relatively 
high gas pressure, the platinum-iridiura seven hole mount 
was facing down the microscope instead of the reverse way 
as the makers intended, and the hole in the platinum cap 
on the end of the furnace (Fig.15) was enlarged to permit 
better gas admittance to the specimen. The most important 
factor of all is that the thermal effects of the electron 
beam can cause temperature rises in the specimen between 
zero and 2000°C in certain cases, (liirsch et al 1965) so 
the calibration graph supplied by Siemens could not be 
regarded as reliable.
The furnace was calibrated by operating.it inside 
the electron microscope under preset conditions of 
electron beam intensity and accelerating voltage, and the 
melting point of specific solids determined by observation. 
This method has been used previously (Yamaguchi 1956) and 
a summary of the methods available for temperature 
measurement are shown in Table IV. In fact the calibration
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Fig.16.
Calibration graph of temperature dependence upon power 
input to the heating cartridge.
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Table IV. Methods for measuring the specimen temperature.
Specimen Temp.
I. Continuous methods 600 
Cu-Constanton
Ag-Pd "
Pb 300
Ni 700
Pt-Pt.Rh 900
II. Determination by 
transformation points.
(a) Reversible indicators.
AuCUg film 388
Ice -70
Thin In film 156
Thin Pb film 327
Thin Ge film 958
Paraffin 70
(b) Irreversible indicators
Pb film 327
Al2 03 film ~ 600
Sn film 232
Fe film 920
PbO Needles 890
Nacl - crystals 700
other alkali halides 800
NaHCOg, KHCOg 30-60
_C. Observable change
Thin film thermocouple
I! II If
Thermal expansion
IT II
Thermocouple
Lattice change 
Transition to cubic ice 
Melting and solidification
Melting before radiation damage
Dispersion of Pb from melting cone 
Transition amorphous crystal
Melting
Transition b.c.c.cubic 
f .c .c .cubic
Melting
Sublimation of small crystals 
Melting of large crystals 
Decomposition
Observation method
Thermocouple voltage
Electron diffraction
Thermocouple voltage
Electron diffraction
ii it
Bragg diffraction in
dark field 
ii ti
Electron diffraction 
Direct imaging
Reference
Stoyanova and 
Belautseva (1958)
Watanabe (1961)
Reimer (i960)
Hashimoto et al 
(1966)
Winkelmann (1956) 
Honjo et al (1956) 
Reimer and 
Christenhusz (1961, 
1962)
Yamaguchi (1956) 
Siemens (1967)
Electron diffraction
Balk and Colvin (1961) 
Reimer (1959)
Yamaguchi (1953)
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Fig. 17.
Second gas reaction stage.
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curve obtained was virtually identical to that made by 
Siemens so presumably the various adverse factors can­
celled each other out. ilie difference was of the order 
of 10-15°C at 400°C which is within the range of error 
shown by the Siemens graph in Fig.16.
Second Gas Reaction Stage.
Towards the termination of this study a large object 
chamber became commercially available for the Elmiskop 
1A microscope, together with a long focal length, wide 
bore objective pole piece. With the extra space available 
above and around the specimen, it was now possible to 
design and build a gas reaction stage, which would 
operate at higher, and more accurately known, gas 
pressures. Several attempts were made and the final model 
is shown diagrammatically in Fig.17. This was not perfect 
and is capable of being improved: it did, however, demon­
strate the viability of the design.
1. Constructional details of design.
The body of the furnace was made of platinum and was 
a tube 1 inch long and ^ inch diameter, with a recess in 
the top to fit a 300 ya aperture (F)„ The other end of the 
tube was drilled and tapped for ■§■ inch of its length and 
into this fitted a threaded platinum tube (d ) with a 
recess in the top to fit a 2.3mra platinum-iridium 
specimen mount. The thread was a coarse B.S.F. so that 
welding did not take place between the threads as would
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have occurred if fine metric threads had teen used. The 
specimen mount was then face upwards and approximately 
7 mm from the top of the objective pole piece. Through 
the walls of the platinum tube adjacent to the specimen, 
were inserted two tubes of stainless non magnetic steel 
(A and B). The inlet gas tube was a fine hypodermic needle 
of ^/64 inch I.D. and the outlet tube was */l6 inch I.D. 
These tubes were welded in place using platinum wire. At 
the bottom of the furnace tube a Pt-Ptl3%Rh thermocouple 
was welded on. This position was chosen to avoid close 
proximity of the thermocouple to the furnace windings.
The furnace windings consisted of two 60w 240v an­
nealed electric light bulb tungsten filament. These were 
connected in parallel and wound around the furnace in 
opposing sense helices. This method of winding gave the 
minimum field distortion to the electron beam. Tests with 
known masses of stainless steel were made to check the 
magnetic effect of the gas tubes, but they too had no 
1 significant effect on the electron beam. The furnace ,
windings were insulated from each other and the furnace 
with ’Tiluma’ cement, and this also served to bond the 
furnace to the ceramic plate. Sindanyo asbestos ^ inch 
thick was used for the ceramic,and the upper surface of 
it was coated, first with silica, and then with silver, 
by vacuum evaporation. The silica sealed the asbestos 
surface, and the silver prevented electro static charging.
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This Sindanyo plate was held proud of the surface of the 
specimen stage by three (only two shown in diagram and 
) &.B.A. brass screws, and washers could be inserted 
between the plate and the top of the stage so that the 
specimen height could be adjusted relative to the object- 
ive pole piece. Approximately /16 inch of the furnace 
tube were above the level of the specimen stage, and the 
furnace windings were concentrated in the area marked C 
which was thus approximately ^ / 1 6  inches long. The brass 
specimen stage was similar to the standard Siemens model 
as regards drive mechanism and mounting points, but the 
centre portion had been removed to permit the furnace tube, 
thermocouple and furnace leads, and gas pipes to pass 
through without touching any metal parts. The reason for 
this is that any large thermal contact - eg. a pipe 
touching the specimen stage - will cause a correspondingly 
large thermal gradient. This gives rise to specimen move­
ment since the furnace will not reach equilibrium, and 
whilst 2C)X/sec is not large for thermal expansion or 
contraction, this amount of drift renders focussing of 
the microscope impossible. The pipes A and B had ^/16 inch 
Edwards couplings on their other ends (G^ and G^) and 
were connected via rubber tubing to copper tubes which 
passed through the walls of the specimen chamber. The 
rubber tubing was used for two reasons; the first being to 
minimise thermal contact as described above, and the
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second to reduce vibration from the gas supply apparatus, 
whien was found to transmit along the gas feed and 
removal pipes. Thick walled rubber tubing, thoroughly 
cleaned with a variety of solvents, was found to be satis­
factory. The copper tubing passing through the walls of 
the chamber was */l6 inch I.D. and vacuum joints were made 
using hard solder. The electrical connectors through the 
wall of the chamber were standard features of this chamber 
as supplied by Siemens.
One item not marked in the diagram is an earth con­
nection from one of the gas pipes to the body of the 
microscope. This was found to be necessary otherwise an 
electrostatic charge built up on the furnace and caused 
vibration of the image.
2. Operation of the second gas reaction stage.
The gas supply apparatus in Fig.14 was modified so 
that the diffusion pump would operate without the rotary 
pump for limited periods of time. This was done by inser- 
i tion of a 10 litre copper tank and pressure gauge between 
the diffusion and rotary pumps. This provided a suitable 
backing vacuum and thus the vibration associated with the 
rotary pump was avoided. The gauge gave indication of 
when this tank needed evacuation by the rotary pump, A 
further modification was a tube inserted in the high 
vacuum line just before the last copper valve. This tube 
was connected to the outlet side of the gas reaction stage
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and with the copper valve closed, gas could be fed into 
the stage from the glass portion of the gas supply appa­
ratus and pumped out through the diffusion pump by this 
new tube. Control of the gas flow was initially made by 
the needle valve on the gas supply apparatus, but fine 
control and pressure determination was performed by the 
needle valve on the outlet side of the gas reaction stage. 
According to the setting of this needle valve the pres­
sure varied on the pirani gauge and since the only other 
loss of gas occurred through the 300 ja aperture in the 
furnace, a calibration could be made of the gas pressure 
existing in the furnace.
The electrical supplies for this furnace came from 
mains supplies which were fully rectified to provide a 
good D.C. supply and were variable between 0 and 300 volts. 
The thermocouple voltage was connected to a Cambridge 
internally compensated meter so that the temperature value 
was immediately accessible. The external view of the 
apparatus is shown in Fig.18.
Thus for installation of this gas reaction stage the 
normal stage was removed from the microscope, as was the 
Objective pole piece, and the w'ide bore long focal length 
pole piece inserted. It was also necessary to take the 
filament power supply safety switch out of circuit. The 
gas reaction stage was inserted with the specimen already 
in position and the various gas and electrical connections
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External view of Siemens Elmiskop 1A electron 
microscope fitted with second gas reaction stage.
SUMIHS
fitted. The microscope was then evacuated, the stage
also being pumped out by the gas supply vacuum system,
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until a suitable pressure was obtained (10_ - 10 torr)
and then the temperature of the furnace slowly raised 
until the required temperature of oxidation had been 
reached. The specimen was then left at this temperature 
for 1 hour, the vacuum still being maintained. It was 
found that 10 min were sufficient for thermal equilibrium 
to be established at 800°C from room temperature. When 
the degassing period of 1 hour had elapsed, the glass 
portion of the gas supply apparatus was isolated and 
filled with air from the 5 litre reservoir, and the gas 
was then slowly bled into the gas supply line to the stage 
The rotary pump was also turned off. During this period 
the outlet gas line had had all valves fully open so that 
under these conditions the limiting pressure over the 
specimen was determined by the leakage of gas through the 
300yu aperture to the microscope. The supply needle valve 
was then partially closed so that a sub limiting pressure 
obtained over the specimen and in the microscope, and the 
outlet needle valve closed so that the gas pressure over 
the specimen increased. Again the limiting pressure was 
that set by leakage to the microscope, but in this case 
the approximate value of the pressure could be measured 
from the pirani or dial gauge.
From, the commencement of gas admittance the time was
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recorded, thus microgr-aphs could be taken at known 
reaction times. In fact this pressure equilibrium 
occupied less than 30 sec so the variable pressure at 
the start of the experiment was not of great significanc 
At the termination of the experiment the reverse 
procedure was followed.
Electron Microscopy.
i. Introd netion.
The "basic design of the transmission electron 
microscope has altered very little since the inaugeration 
of the first commercial instrument by Siemens in 1938; 
the electrons being emitted from a heated filament, 
collimated by one or more condenser lenses, passing 
through the specimen, and the image produced is magnified 
by several lenses - a three stage magnification system 
being the most common (Fig.19). The theory of electron 
scattering and lens design has been extensively reviewed 
(Zworykin, Morton, Ramberg, Ilillier and Vance 1945; 
Cosslett 1951; Hall 1953, and Hirsch, Howie, Nicholson, 
Pashley and Whelan 1965), and the different aspects of 
various commercial instruments have been described, All 
the high resolution electron microscopes being produced 
at the present time have magnetic lenses for condenser 
and magnification systems, though electrostatic lenses 
have been used on smaller instruments. More recent 
innovations in lens construction are the permanent magnet 
condenser lens systems as used in the Hitachi 8 S 
instrument which has a quoted resolving power of 8X, and 
superconducting lenses as have been constructed by 
Fernandez-Moran (1966) which together with other improve­
ments in filament and pole piece design have consistently 
produced point to point resolutions of 2.8-3A. However,
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Figo 19o
Ray diagram of electron microscope utilising all lenses.
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the majority of the major microscope manufacturers are 
now producing instruments capable of resolving point 
objects 3 - 6a  apart (GEC-AEI Ltd, Siemens' Ltd, Hitachi, 
J.E.O.L. R.C.A, and Phillips 1968)
In this study Siemens Elmiskop 1 and 1A instruments 
were used, the dimensions and arrangement of these two 
machines were virtually identical, but the 1A microscope 
had more sophisticated electronics for lens and high 
tension stabilization, thus permitting a quoted resolution 
limit of 8a . Normally both condenser lenses were used to 
focus the electron beam on the specimen since this gave 
optimum resolution and minimum contamination over the 
whole specimen. These instruments could however operate 
satisfactorily with only one condenser lens energised, 
and for decoration studies this latter method was employed.
2. Image formation.
Accelerating voltages for the electrons vary between 
40 and 100 kv in normal electron microscopes and in this 
work an accelerating voltage of 80 kv was most commonly 
used. An electron travelling in this potential gradient 
has a wavelength of approximately O.OfX and thus will be 
scattered appreciably by objects of greater size than
0.04a . The confusion between corpuscular and wave termin­
ology is rather marked for a discussion of electron 
scattering, but since electron emission is not being re­
viewed, and at these accelerating voltages less than 5$
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of the characteristics of the electron beam are due to 
relativistic mass increase, then for a qualitative dis­
cussion the electron can be regarded as having only wave 
properties.
Since all the structure relevant from a chemical 
point of view in a specimen is larger than the beam wave­
length, then the beam contains the total information 
about the specimen after passing through it. The infor­
mation will be carried in the scattered portion of the 
electron beam and not in the undeviated transmitted beam. 
The beam can be scattered for a variety of reasons. The 
main effect is that of diffraction when a crystalline 
specimen is being examined, and the electrons scattered 
by the crystal lattice obey the Bragg relationship with 
regard to angular scatter and lattice dimensions. Thus 
these diffracted beams can be interrupted in a similar 
manner to X-rays and form an image of the reciprocal 
lattice at the objective lens focal plane. Electrons will 
\ also be scattered when they encounter an atom, the extent 
of deviation being dependent upon the atomic number of 
the atom in question and therefore the more atoms - ie. the 
thicker the specimen - then the greater the scattering 
that occurs. The total effect of this scattering is that 
at the objective lens image plane is formed an image con­
structed of all these scattered electron beams, overlaid 
with the transmitted beam which contains no information
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but is of high intensity.
This image would be complex enough to interpret but 
various other factors make the task even more involved.
The first of these is the coherence of the electron beam 
illuminating the specimen. It is necessary that this beam 
is parallel and coherent otherwise the corresponding lack 
of uniformity appears in the image. The use of both con­
denser lenses enables fairly high coherence to be obtained 
. but small deviations do occur because of faults in cathode 
and condenser lens construction. The major aberrations, 
however, are present in the objective lens, the most 
severe being that of spherical aberration, so that the 
widely scattered electrons are brought to a focus before 
the more axial beams. This can be overcome by inserting 
small apertures in the focal plane of the objective lens 
to remove these widely scattered beams, but this results 
in a corresponding loss of information and a compromise 
must be reached: it is expressed in the equation.
r  . 3  1
6 min = Ba4Cs4
where S min is the minimum size of point object that
can be resolved
X is the electron beam wavelength
Cs the spherical aberration constant
B a constant (approximately unity)
and an optimum objective aperture size °< opt:-
i “ 4
<x opt = s
where A is a constant (again approximately unity)
In practice cx opt - the angle subtended at the
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oradians, ie d i a i u e t e r 0 Therefore a i i
iraage is obtaine contrast occurs in the trans­
mitted beam by removal, of the diffracted component by 
means of an objective aperture. For a particular area of 
a crystal the intensity of the undeviated transmitted 
electron beam emergent from the lower side of the crystal 
depends upon the proportion that has been scattered or 
diffracted by inhomogeneities present in that particular 
area. If these diffracted beams are not permitted to 
reach the image plane of the objective lens because of an 
inserted aperture, then the transmitted beam for that 
particular area of the crystal suffers a net loss in 
intensity. This contrast is termed diffraction contrast 
and it is the most important for thin crystalline speci­
mens where resolution of objects greater than 10a  in size 
are being determined. It is not valid for periodic images, 
thick specimens, or objects less than loX in size as will 
i be described later.
intensities of the diffracted and transmitted beams can 
be determined. This quantitative approach has been des­
cribed by hdielan (1959) and Hirsch et,al.(l96o) and is 
termed the kinematical theory of electron diffraction but 
these authors stress that since other factors have such
The relative intensities of contrast in the image
produced by this method can be calculated if the relative
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a large influence upon the diffracted beam intensities, 
the ideal situation is never realised and thus it cannot 
be regarded as a quantitive theory in practice.
3. High resolution microscopy.
Studies at very high resolution were performed to 
give detailed information of the morphology of the 
graphite, and to determine whether there was any signifi­
cant structure that was not resolvable during the dynamic 
experiments. The graphite was mounted on a perforated 
film, and only very thin flakes were chosen for study, the 
areas protruding over the holes being most useful, since 
the image was not confused by the structure of the carbon 
support film.
Two aberrations present in the microscope were not 
mentioned in the previous section, but are extremely 
important when high resolution studies are being under­
taken. The first of these is astigmatism inherent in the 
lenses, and induced astigmatism in the electron beam.
Both the condenser and objective lenses have astigmatism 
compensation devices, which can correct for faults in lens 
construction provided extreme care is taken during com­
pensation, and it is done under the highest possible 
magnification conditions. The induced astigmatism is 
more difficult since it arises from contamination which 
builds up an electrostatic charge, thus distorting the 
electron beam. The majority of contaminants can be removed
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.by thoroughly cleaning the microscope and specimen stage, 
and using clean apertures, but contamination does build 
upon the objective apertures where it has a very serious 
effect upon astigmatism, the most satisfactory method of 
overcoming this was to use thin film apertures which were not 
found to accumulate contamination. 50 ym apertures of this 
nature are commercially available but other sizes were 
made by the method of Stabenow (1968.). With these aper­
tures no astigmatism aberration was observable, and thus 
stigmator corrections only had to be made for the lenses.
The other aberration is chromatic aberration which 
relates to the differing wave length of electron beams 
having different paths down the microscope0 With modern 
microscopes fluctuations in high tension and lens 
supplies are negligible, but the most serious effect of 
chromatic aberration arises because of different path 
lengths taken through the specimen. Dupouy and Perrier 
(1966) have shown that chromatic aberration will limit 
the resolution of a point in a graphite lattice to approx­
imately ^/10 of the sample thickness using 100 kv 
electrons, and thus it was necessary to produce lamellae 
of graphite thinner than 8oX even to reach the quoted 
resolution of the 1A microscope. Prolonged ultrasonic 
treatment was able to achieve this.
Differing path lengths through the specimen will 
give rise to phase differences in the various electron
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beams and below loR it is believed . that contrast is 
produced by this phase contrast mechanism. Extensive 
studies have been made on this, both theoretically and 
experimentally by Ileidenreich (1967,1968), Fernandez- 
Moran (1966), Thon (1966), van Dorsten and Premsela 
(1966), and whilst the evidence is very strong for some 
of the high resolution claims made in the 2-5a  range, and 
certainly points are reproducible thus showing their 
reality, there is some doubt about the interpretations 
made of the nature of the resolved objects.
Therefore in the high resolution studies made in 
this work care was taken to overcome all the normal 
aberrations present in the electron microscope, and a 
liquid nitrogen anticontamination stage was inserted 
around the specimen. The apertures chosen for the object­
ive lens were of sizes applicable to diffraction contrast 
imaging rather than phase contrast.
A separate criterion of resolution is that of 
resolution of a crystal lattice. A few attempts were made 
to resolve the 2.18X lattice spacing in graphite, but no 
undisputable success was achieved, a possible reason 
being that it was not possible to tilt the illumination 
system of the microscope in the manner of Komoda (1964) 
and Watanabe, Shinagawa and Shirota (1966). Efforts to 
tilt the electron gun resulted in asymmetric astigmatism 
being produced thus nullifying any high resolution work.
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4. Electron diffraction and orientation„
In the majority of this work, the identity of the
specimen was known and thus this technique was not em­
ployed for analytical purposes. However it is possible 
to determine from the diffraction pattern, the orientation 
of any particular crystal, since the geometric relation­
ship between the specimen and its image can be experiment­
ally determined. Consequently the diffraction pattern can 
be superimposed upon the bright field image. This relation­
ship had been observed previously (Hirsch et al 1965) but 
in this particular case it was employed to determine the
crystalline habit plane of each edge visible in the
bright field micrograph.
For a standard, an MoO^ specimen was used which had 
markedly rectangular crystals, and the diffraction 
pattern from one of these crystals superimposed on the 
bright field image is shown in Fig.20. From the spread of 
the diffraction pattern the angular deviation between the 
bright field and diffraction image could be measured. This 
deviation being caused by the rotation of the image formed 
by a magnetic lens. Having superimposed the two images 
the crystal plane represented by a point on the diffraction 
pattern would run normal to a line down from that point 
to the centre of the diffraction pattern, and pass 
through that point. This construction stems from the 
derivation of the reciprocal lattice net which is
represented by the diffraction pattern.
Selected area diffraction patterns were also amenable 
to this treatment, the only criteria necessary was that 
the microscope operated under exactly the same conditions 
of magnification and projector lens exitation as were 
used for the MoO^ calibration. The angle of rotation when 
the bright field micrograph was taken at a magnification 
of 21,000X was 25°.
5. Dark field microscopy.
For a normal bright field image viewed under dif­
fraction contrast conditions, the objective aperture is 
placed around the central transmitted beam, which when 
normally aligned passes along the magnetic axis of the 
microscope. A dark field image is produced when the ob­
jective aperture is shifted so as to permit only a dif­
fracted beam to be used for image formation, the trans­
mitted beam being excluded. In this case the image pro- . 
duced only has contrast associated with those parts of 
the specimen giving rise to the particular diffracted beam 
chosen for image formation (Hall 1948, Bassett and 
Pashley 1959, Pashley and Presland 1959, Pashley and 
Stowell 1963, Bollmann 1966, Rudee 1967). However the 
image is being produced by an electron beam which is 
travelling down the periphery of the lens system, far 
enough away from the lens axis for spherical aberration 
to be significant, and thus the image is elongated along
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Fig. 2 0 .
Diffraction pattern superimposed upon a bright field 
image of a MoO^ crystal. The relative rotation between 
the two images is 25°.
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a line towards the lens axis, lienee from basic optics
Elongation I! = C cx J
s
where Cg is spherical aberration constant
c* is angle made by beam with lens axis.
Furthermore the diffracted beam suffers from
spherical aberration in cross section since it is conical
and not parallel-sided.
If the difference in angle between one side of the
beam and the other is Ac<
dR A c *  = 3 C c< 2 A  ex 
dot s
Thus if o< 22 — ■ where d is lattice spacing of 
a \ O
crystal: elongation = 3C A ArtS (Ci
d
To consider the loss in resolution for 80 kv electron
imaging a lattice spacing of 2a
XV  cx — lo-3
3C . = 1082 s
Therefore elongation R = 4oS which is a measure of 
the loss of resolution.
In this work this elongation of a point was of 
particular value, since if the transmitted electron beam 
is aligned on the lens axis the elongation is directed 
towards the transmitted beam in the diffraction pattern. 
Thus from the reciprocal lattice construction the lattice 
planes giving rise to the particular dark field
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reflection will lie normal to the elongation direction 
and the orientation of various parts of the crystal can 
be determined from this.
Dark field studies were undertaken for this purpose 
and these were achieved by this displaced aperture tech­
nique. It is possible to obtain dark field images without 
this elongation by tilting the illumination so that the 
particular diffracted beam under study passes down the 
lens axis, but this technique was not relevant in this 
particular case.
6* Contrast stop dark field.
The resolution of a crystal lattice is not a 
function of diffraction or phase contrast as in point 
imaging, but is a function of the interference between 
transmitted and diffracted beams. Therefore a lattice 
image can be obtained even though the comparable point to 
point distance of the lattice separation cannot be re­
solved. Previously when this was mentioned it was stated 
that because of the spherical aberration affecting the 
diffracted beams from the |l01o] reflections in graphite, 
for example, the lattice could not be resolved, and 
astigmatism prevented tilting of the illuminating system 
for high resolution studies. However if an objective 
aperture is chosen of such a size as to permit two dif­
fracted becirns to pass down the lens on either side of 
the lens axis then these two beams will have equal and
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opposite spherical aberration and will give rise to a 
non aberrated interference image. Unfortunately the 
transmitted beam is of greater intensity than the dif- • 
fraeted beams and not of the same phase, so three beam 
constructive interference cannot occur.
This can be overcome if the transmitted beam is cut 
off as suggested by Dupouy (1967) who laid a 6 j^. tungsten 
wire across the centre of an objective aperture and 
positioned this so that the transmitted beam was cut off, 
and the diffracted beams allowed to pass. Thus one saw a 
dark field image made up of all the diffracted beams but 
the intensity is much higher than a normal dark field 
image which only utilises one diffracted beam. This method 
appeared to have considerable advantages over other methods 
of lattice imaging, the main difficulty being the con­
struction of a suitable aperture. This was done in this 
study by positioning a 2 mm length of 12p tungsten wire 
across a lOO^u aperture whilst viewing through an optical 
microscope. The wire was held in position with ’Araldite' 
epoxy resin adhesive, first one end of the wire being 
embedded in a blob of viscous adhesive and then the wire 
being manouvered so that it lay centrally across the 
aperture hole, and then the other end fixed. It was then 
pl aced in a vacuum coating unit and a 20oX layer of 
palladium evaporated on to it. The aperture was then 
heated under vacuum to approximately 1300°C to carbonize 
the adhesive and prevent non-conducting points occurring
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which would cause astigmatism in the electron beam.
This temperature also served to solder the tungsten to 
the mount with the palladium. This method proved success­
ful for the construction of apertures with a centrally 
placed wire, and the wire was firmly held in position.
The apertures were positioned in the microscope by 
obtaining the image of the diffraction pattern of the 
specimen under study, and then aligning the aperture so 
that the wire obscured the transmitted beam. The micros­
cope could then be adjusted to the requirel magnification. 
7. Image recording,.
The normal method with the Siemens electron micros­
cope is to expose 3 \  x 2w inch plates carried in a 12 
plate camera situated beneath the final fluorescent 
screen; For the majority of the work this was used, with 
Ilford Special Contrasty plate proving satisfactory. For 
the dynamic experiments involving mobility of metal 
particles the exposure time for these plates was too long 
for clear imaging of the moving objects, and thus a 
closed circuit television unit was employed \jrith the 
results recorded on videotape. The television camera 
records the image shown on the fluorescent screen by 
viewing through the windows in a similar manner to the 
operator. Since a fairly high intensity of illumination 
was necessary for definition of the image, this method 
of recording was only suitable for low resolution studies.
Experimental Proccdure Carried Out To Stuji y_ U n catalysed 
Oxidation Ox Graphite Using, First Gas iteaction Stage. '
The Siemens heating stage was inserted in the 
microscope and the 3 0 0 jj. aperture removed from the objec­
tive pole piece. The hollow objective aperture drive was 
also put in at this time and connected to the gas supply 
apparatus. The microscope was then evacuated using both 
the normal vacuum system and the gas supply apparatus
vacuum system, until an operating vacuum had been readied 
/ - 4< 10 torr. The microscope was then aligned with both
condenser lenses in use, and adjusted so that suitable 
illumination of the image would be obtained in the 
20,000-60,000 X magnification range„ The heating cartridge 
was cleaned, the threads on the cap lubricated with 
*Hydrokollag’ - a colloidal suspension of graphite - and 
the specimen mount inserted so that when in position it 
would face down the microscope column,, The graphite 
specimen had been mounted on a silica + formvar film as 
described previously. When the specimen was ip position 
in the microscope various suitable areas of graphite were 
briefly studied, and micrographs taken. The brevity of 
the study was necessary to avoid contamination of the 
graphite with hydrocarbon impurities which were radiolysed 
in the electron beam. The use of both condenser lenses 
meant that the area of illumination could be kept small, 
thus avoiding general contamination* The electron beam
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was turned off and the specimen heated for 1 hour at the 
predetermined reaction temperature under the microscope 
vacuum. Ideally a 900°C degassing temperature would have 
been used, hut it was found, as will he described later, 
that silica migrated into the graphite.
After degassing, a further micrograph was taken of 
the area of interest, and then the reactant gas admitted 
through the objective ’ aperture drive, a stopwatch also 
being started at this time. Micrographs were taken at 
known intervals of time, though those taken very near to 
the commencements of reaction tend to be of poorer quality, 
since the influx of gas altered the thermal equilibrium 
of the specimen causing some movement. Selected area and 
superimposed diffraction micrographs were also obtained 
from single crystal specimens to determine orientation, 
and dark field micrographs from polycrystalline specimens. 
It was thought desirable to keep the illumination of the 
specimen at a minimum to avoid any contamination diffi­
culties, though in practice this contamination was never 
observed to form after reaction had commenced; never­
theless this mode of operation was followed.
Two main difficulties were encountered. The first was 
that at preset time intervals the specimen had to be 
focussed and a micrograph taken whilst making frequent 
adjustments to the needle valve and the microscope vacuum 
equipment to ensure a steady flow of gas over the specimen.
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For reactions at high t e m p o r a t u r e to is involved very 
rapid ex per i. mental working, and thus micrographs taken 
under these conditions wore not necessarily in perfect 
focal adjustment. The second difficulty was that only 12 
plates were available and though it was found possible 
to change plates during the course of a reaction, this 
procedure was fraught with"experimental difficulties and 
was not always accomplished successfully. The hazard was 
of air admittance to the microscope which would not only 
react with graphite, but would also oxidise the fur­
nace windings. This would have entailed replacing the 
furnace (delivery 6 months).
After the reaction had proceeded adequately, the re­
actant gas was shut off and the furnace allowed to cool in 
vacuo. The specimen was then removed and in some cases it 
was then shadowed using Ni/Pd alloy and again viewed in the 
microscope. It was found that after reaction the specimen 
support film had become very fragile and very few specimens 
survived the post reaction shadowing without extensive 
film rupture.
The micrographs were developed and printed in a 
conventional manner and quantitative measurements of eroded 
areas made by tracing the outline of a particular area 
on tracing paper, cutting around the outline and weighing 
the piece of tracing paper. Since the weight of the 
tracing paper per unit area was easily determined, the
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area of the eroded sections of graphite could he 
calculated and for a succession of micrographs the 
change in eroded area could thus he measured. The edge 
length of the particular reacting crystal under scrutiny 
was measured using a conventional wheel type map 
measurer, and thus the area eroded per unit edge length 
of crystal could he determined.
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' RESULTS 
Behaviour of Gas Reaction Stag,es.
1. First Gas Reaction Stage.
This proved a reliable piece of equipment. The main 
faults occurred with the heating cartridge, since the 
threads of the platinum on the furnace tended to weld 
together. However adequate lubrication, and abandoning 
the recommended mounting tools to insert the specimen in 
favour of manual fitting, cured this problem.
It was feared that when this stage was used some 
damage might be caused to the objective pole piece of the 
microscope, but none was observed. A major problem in 
previous studies on graphite was the contamination that 
built up upon the specimen with successive viewings in 
the microscope. Ivith the heating stage at 400°C, but no 
gas flow, a slight contamination was observed on pro­
longed viewing, contrary to the evidence of Ennos (1954). 
However the rate of contamination under these conditions 
was much less than when the specimen was maintained at 
room temperature. The presence of an oxidising gas such 
as air removed this contamination layer, and prevented 
further deposition, even though specimens were studied 
for several hours. This gas reaction stage operating at 
elevated temperatures thus was an efficient method of 
preventing specimen contamination, and the kinetic data 
obtained with this apparatus should have been
115.
representative of a clean graphite surface.
Without heating and with gas flow the apparatus did 
not inhibit contamination. In Fig. 21a a graphite 
specimen is seen that was illuminated with a high 
intensity electron beam both to produce contamination in 
the gas phase, and to elevate the temperature of the 
graphite. The subsequent micrographs Fig 21b and c after 
4 and 7 min respectively show that the contamination was 
deposited on to the specimen despite the gas flow.
Another fear was that filament life would be excess­
ively shortened because of the reactant air entering the 
microscope. This proved to be groundless, showing that no 
significant quantity of qir diffused into the electron 
gun chamber, and that it was removed by the vacuum 
orifice adjacent to the specimen stage.
2. Second gas reaction stage.
This was built primarily in order to investigate 
gas reaction systems, and not to facilitate the graphite 
studies. Therefore its completion was not achieved until 
after the majority of the graphite studies had been made. 
Thus the dynamic graphite studies reported were all per­
formed using the first gas reaction stage.
The details of the design have been described 
previously, and modifications were made as a result of 
trials. The basic design of the stage appeared to be 
satisfactory, though the method of insertion of the
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specimen from underneath, which necessitated the removal 
of the stage with each specimen change, was probably not 
ideal. A top mounted specimen would have several advan­
tages but the design would have to be somewhat more com­
plex so that the electron beam would have a free path 
through the very narrow cylindrical holes in the specimen 
mount. In the light of experience this extra complexity 
would be justified for future studies.
Another difficulty encountered was aligning the 
electron beam through the aperture at the top of the 
specimen mount and out of the bottom into the magnifi­
cation system, since this required perfect vertical 
alignment of the stage. This was achieved satisfactorily, 
but a full seven hole mount could not be scanned since 
cut off of the beam did occur about half way across the 
outer hexagon of holes in the mount.
The most serious difficulty in operation was that 
of the furnace filament windings. The type of filament 
and method of winding solved any problems of field dis­
tortion, but crimping the very fine tungsten wires to 
connectors was not ideal and on several occasions the 
filaments burnt out at the joint. The thermal flexing of 
the filament caused the crimped wire to be extremely weak. 
Once the filament burnt out it could not be stretched 
since it was no longer in an annealed state, and a new 
filament had to be wound. The winding was extremely
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Fig. 21a
Graphite flake on support film before reaction.
Magnification 120,000X
Fig . 2 1 b
Graphite flake on support film after 4.min 
exposure to gas and. electron beam.
Magnification 120,000X
118.

Fig. 21c.
Graphite flake on support film after 7 min exposure 
to gas and electron heam.
Magnification 120,000X.
119.

tedious and, with the- application of fresh insulating 
cement, took several days to accomplish.
However this stage did snow that it would operate
o
without image distortion at 800 C with gas pressures of 
several torr; as a prototype it had considerable potential. 
High Resolution Studies of Graphite Morphology.
These studies were carried out to determine the 
exact nature of the edges of graphite crystals, and 
whether micropores of a few angstroms in size became 
visible under high resolution.
1. Investigations using bright field illumination.
Initial work was performed with S.P.l. graphite 
supported on a carbon film. This proved unsatisfactory 
since the structure of the underlying film masked any 
significant graphite structure (Fig.22) and thus in 
further studies the S.P.l. graphite flakes were supported 
across holes in a carbon film. This technique also had 
the advantage that structure due to 'noise* in the 
electron beam is visible in the hole in the film, and 
thus its significance can be taken into account. Fig.23 
and 24 show successive micrographs of the same piece of 
graphite lying across such a hole, the surrounding carbon 
film being in much greater contrast. A minimum of two 
micrographs is necessary for assessment since random 
contrast can be very misleading and it is necessary to 
identify a feature on both micrographs before its real
120 o
existence can be assumed. Quite large features such 
as at ’A' in Fig.23 are net visible in Fig.24. The 
resolution in these two micrographs -is high, and the 
Fresnel fringe alone shows that less than 7a  are resolv­
able. The points arrowed are separated by 4.5.R and are 
visible on both micrographs and thus in this case it can 
be taken that the resolution is equal to or better than 
this value. Nevertheless whilst the edge of the graphite 
crystal is serrated it is not deeply indented, as the 
values for surface area would suggest. These micrographs 
were typical of several graphite crystals studied in this 
way and in no case were severe indentations visible. The 
graphite is apparently less rough than the surrounding 
carbon film, but this is probably an illusion since the 
crystallites in the carbon film would be arranged so that 
the C-spacing was at an angle for diffraction in many 
cases, and this diffracted beam would be very strong, 
thus enhancing the contrast produced by the carbon film.
The granular appearance of the graphite is rather 
misleading since in many cases the apparent areas of 
contrast are not reproducible from one micrograph to the 
next. They are, however, strongly reminiscent of the work 
of Heidenreich (1967) but their structural significance 
is not clear. Also visible are pairs of lines running 
for short distances over the graphite surface. These 
may be lattice reflections, though the objective aperture
121.
Fig. 22.
Graphite flake on carbon film.
Magnification 640,000X.

Fig. 23.
Graphite flake lying across a hole in a carbon film.
Magnification 2,400,000X
(lmm = 48. )
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Pi£i_24. '
Graphite flake lying across a hole in a carbon film. 
The same area as Fig. 23 in slightly different focus.
Magnification 2,400,000X. 
(lmm = 4X)
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was not sufficiently large to permit reflections from 
the prismatic planes, unless buckling was present.
Similar features - albeit less regular - are visible in 
the hole, caused by electron noise, so 110 definite con­
clusion can be drawn as to the identity or reality of 
these lines.
2. Investigations utilising the contrast-stop method.
(NoB. Reverse contrast applies in dark field so that 
strong reflecting areas appear white)
Micrographs 25 and 26 were taken under high resolution 
conditions, but with a tungsten wire across alOO^uobjective 
aperture, which was positioned so as to obscure the 
transmitted (0000) beam. The band of material lying at 
the bottom left hand side of the micrographs is a strip 
of carbon film whilst the graphite flake is lying at 
just less than 90° to it. The triangular area of low 
contrast is neither support film nor graphite and develop­
ment in this area arises from noncoherence in the electron 
beam (ie. ’noise').
The striking feature of these micrographs is the 
enhanced contrast compared with the bright field method: 
also the difference in contrast between the carbon film 
and the graphite is not as vivid. Again the resolution is 
approximately oS. and reproducible points are visible in 
both micrographs - marked A and A ’. In this case it can be 
stated definitely that granularity of approximately sS.
125 „
Fig- 25.
Graphite flake (large dark area) lying over a hole 
(triangular lighter area) in a carbon film (smaller 
dark area)
Magnification 2,400,000X 
(lmm = 4 8)
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Graphite flake lying over a hole in a carbon film.
The same area as in Fig.25 in slightly different focus.
Magnification 2,400,000X
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in size is visible in both micrographs in the same 
region of the graphite, but the structure of the edge of 
the crystal is similar to that shown in Figs. 23 and 24, 
and no- pores in the form of channels are visible.
No change .in contrast is visible at the edge of the 
crystal which might indicate that exfoliation of the edges 
was present, nor are any lattice lines visible though in 
this case the objective aperture would have permitted 
reflections from the prismatic planes to pass. This 
exclusion of lattice lines is similar to that in bright 
field, since similar short lengths of regular striations 
are visible with approximately 2% separation, but the 
evidence is not conclusive.
3 . Mo ire'' fringes .
These arise from either lattices of two different 
spacings overlapping, cr tv/o similar lattices rotated 
relative to each other (Kay I960). In graphite the latter 
applies, and provides a method for imaging the crystal 
lattice. Unfortunately a true correspondence between the 
image and the lattice is not obtained and terminating 
lines which were originally thought to be edge dis­
locations (Dawson and Follett 1959) are now not believed 
to be so, but must be regarded as discontinuities or 
buckling within the lattice where a layer plane has 
moved out of contrast, rather than terminated in the 
crystal.(Williamson and Baker 1960, 1961). Typical moir/
, 12S.
patterns are shown in rigs. 27 and 28, the micrographs 
both being oi. the same area of S.P.l. graphite, but in 
Fig. 28 (lOlo) dark field illumination has been used so 
this will only pick up moire" patterns arising from these 
particular planes. Applying the standard formulae:rotation 
raoiren-
D - the measured dis-tance between moire bands
D = ~
E
where E is the rotation angle in radians and 
d is the lattice spacing of the planes giving 
rise to the moire^bands.
In this particular case E = 44 min 
A bright field high resolution micrograph of noire""
r -
arising from ^1010[ planes is shown in Fig. 29 which 
correspond to a rotation of 7°4S min. In this case the 
lines are much less regular, though the background carbon 
film produces a granular image which is of similar size 
to the line width, and thus may be causing some confusion. 
4 o Heavy metal shadowing.
This does not strictly come into the category of 
high resolution microscopy but it reveals much about the 
three dimensional nature of the specimen that is not 
possible by any other method,,
The major feature of these studies was the high 
proportion of specimens which had regions twisted out of 
the plane of the specimen support filmG Figo30 is a
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Fig. 27.
Moire" patterns in graphite (S.P.l.) shown by bright 
field microscopy.
Magnification 200,000X
130.
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Fig. 28
Moire7 pattern in graphite (S.P.l.) shown by dark field 
microscopy the [lOlo) reflection being used.
This is the same area as in Fig* 27.
Magnification 20O,0O0X
131.

Fig.29
Moire7 pattern shown by high resolution bright field 
microscopyo This is the same area as in Fig.22 in 
slightly different focus.
Magnification 640,000X
twice at righf angles v;ith Ni/Pd alloy angled at 30° to 
the specimen sari ac c . Son a of the flake is pointing 
vertically upwards - marked A - and some is bent away 
froia the support film, marked B. It is also clear that a 
large number of layer planes do not extend to the edge c 
the main crystal, but finish at steps on the crystal sur 
faceD At fC f these steps are 43X high. The resolution of 
structure by this technique is dependent upon the grain 
size of the shadowing material. Simultaneous evaporation 
of platinum and carbon give the finest structure, and 
Fig.31 shows a resolution edge height of 22a  at X. It is 
of interest in this micrograph that the edge, of which 
X is a part, has a ragged appearance as shown by the 
shadowing material. This may be because of the treatment 
to which the specimen has been subjected since it had to 
be close to the evaporating source for adequate carbon/ 
platinum deposition. However there is no suggestion of 
exfoliation of the layer planes at the terminating step 
so any structure of this nature must be less than 10a 
high - if it exists - since this is the resolvable limit 
in this micrograph.
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Fig. 30.
Graphite crystal shadowed at 30° with Ni/Pd alloy.
Two depositions were made at right angles to each other 
(N.B. the ’shadows’ are the lighter areas of the crysta 
and support which the depositing metal has been unable 
to reach.
Magnification 80,000X
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Fig;. 31.
Graphite flake shadowed with carbon/Platinurn at 15° to 
the specimen surface.
Magnification 180,000Xo
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1. Decoration 001.1103.
The purpose of this was primarily to investigate 
the specimen preparation technique. Therefore samples 
were decorated that had been subjected to ultrasonic 
disintegration for varying lengths of time; the effect of 
different solvents was also investigated.
A typical experimental series was conducted as 
foilows:-
S.P.l. graphite specimens were subjected to ultra­
sonic disintegration in water for specific lengths of 
time, and then heated to 600°C, decorated with silver at 
300° C and micrographs taken. Areas of a graphite flake 
where the particle density appeared reasonably typical
for that specimen were chosen, the delineated area general- 
2
ly being 10cm . The number of particles in the area were 
then counted and compared with a count of a similar area 
on the background film. The ratio was taken as a measure 
of defect concentration on the specimen.
The series shown in Figs. 32,33,34,35 show S.P.l. 
graphite that has been disintegrated for 1,3,6 and 10 rain 
respectively. In fact three different specimens at each 
time interval were studied, and two decoration counts 
made of each on the graphite, and one on the background 
film. The average values for decorations counts, and 
appropriate ratios are shown in table V. This duplication
136.
Fig. 32.
S.P.l. graphite decorated with silver after 1 minute
ultrasonic disintegration and 600°C heating.
Magnification 120,000X
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Fig. 33.
S.P.l. graphite decorated with silver after 3 minutes
ultrasonic disintegration and 600°C heating.
Magnification 120,000X
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Fig. 34o
S.P.l. graphite decorated with silver after 6 minutes
ultrasonic disintegration and 600°C heating.
Magnification 120,000X
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tFig. 35.
S.P.l. graphite decorated with silver after 10 minutes 
ultrasonic disintegration and 600°C heating.
Magnification 120,000X
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Table J(
S.P.l. graphite he a ted to 600'"C after disintegration 
i.n water and th en decora t ed..
Time of dis- No.of particles/ No.of particles/ Ratio
integration. 
Min cm" on aranliite cm on background
1 . 18.3)
19.3)
16.6) average
13.5) 19.2 a - 3*7
22.4)
24.9)
26.8)
)
45.3) average
) 36.9 a = 7-6 5 
38.8)
0.5240z.6
3. 15.2)
13.4)
15.6) average
16.1) 14.7 c^l-OZ
14.3)
13.5)
35.6)
)
34.3) average
) 34.7a-Op^
34,1)
0.424o 04
6 . 14.1)
14.5)
15.7) average
15.7) 14.3 c r = 1*27 
11.6 
14.5
3-5.4).
)
36.4) average
) 35.6 <r=0 -G 3 
34 o 9 )
0 . 4 0 4 0  05"
10 12.0) 35.6)
11.8) )
15.0) average 34.8) average
16.1) 13.6 I • 5> S . ) 35.6 <r=O^S
1-3.0) 36.4)
13.5)
0.3840-0 5'
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Table V, cont.
P.G.A. graphite heated to 600°C after disintegration
in water and then decorated.
Time of dis- No.of particles/ 
integration ^
 Min  cm 011 graphite
1. 21.0)
24.6)
12.5) average
12.1) 17.6
18.4)
17.1)
30 o 17 o 8)
17.6)
14.8) average
13.1) 18.4 cr=h-5 
27.0}
20.3)
No.of particles/ Ratio 
2
cm on background ___ _
39.0)
)
2 1 .8 ) average
) 2 9 . 0  O.eito^
26.4)
39.1)
)
28.1) average
) 35.1 < 7 = 5 - 0  0.52to-2.<t
38.1)
These results are plotted graphically in Fig. 36.
Fig. 36.
Dependence of decoration ratio upon the duration of 
unltrasonic disintegration. 600°C pretreatment.
143,
R
el
at
iv
e 
nu
m
be
r 
of
 
Ag
. 
p
ar
ti
cl
es
 
on
 
gr
ap
hi
te
 
to 
th
os
e 
on
 
ba
ck
gr
ou
nd
 
fil
m
.
Decoration ratio for S.PI and PGA Graphites heated 
to  6 0 0 ° C  prior to decoration with silver
0-7
0 6
PGA
0 4
0 3
0.1
o 62 4 8 IO S
O 6 12 18 24 30 PGA
Time of ultrasonic  d is in tegra t ion  min.
of measurements was used to overcome the subjective 
element in choice of area in which the count was taken.
The appropriate micrographs for the P.G.A. are Figs.37 
and 38 showing the effect of 1 and 30 minutes disintegra­
tion respectively.
The experimental procedure was now changed so that 
the specimens were degassed at 900°C after disintegration 
and prior to decoration, without exposing the specimen 
to atmosphere during this treatment. Whilst there was not 
likely to be much defect movement at this temperature 
since graphite is prepared at 2800-3000°C, the majority 
of chemisorhed surface species will be removed at 900°C 
{Montet 1962, Feates and Parry 1964). Thus the previous 
experiments were repeated with this new procedure. Fig.39 
refers to S.P.l. that lias been cleaved between glass 
slides, immersed in water, and then mounted for decoration, 
and Figs 40-44 refer to S.P.l. that has been subjected to 
ultrasonic disintegration for 2 ,4,6,8 and 10 min respect­
ively o Figs.45 -49 refer to a comparable series of 
experiments (excluding 2 min) using P.G.A. graphite. The 
decoration count ratios are presented graphically in Fig. 
50. Also in this graph are two further points which rep­
resent the decoration count ratio when the graphite was 
not immersed in water after cleaving, and the other shows 
the value after 6 min ultrasonic treatment in cyclo- 
hexane.
PoG-.A. graphite decorated with silver after 1 
ultrasonic disintegration and 600°C heating.
Magnification 120,000X
minute

Fig. 38.
P.G.A. graphite decorated with silver after 30 minutes
ultrasonic disintegration and 600°C heating.
Magnification 120,000X.
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Fig. 39.
S.P.l. graphite decorated with silver after the graphite
had been cleaved in water and heated to 900°C.
Magnification 120,000X
14.6 .

Fig. 40*
S.P.l. graphite decorated with silver after 2 minutes 
ultrasonic disintegration and 900°G heating.
Magnification 120,000X
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Fig. 41,
S.P.l. graphite decorated with silver after 4 minutes
ultrasonic disintegration and 900°C heating.
Magnification 120,000X.
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Fig. 42.
S.P.l. graphite decorated with silver after 6 minutes
ultrasonic disintegration and 900°C heating.
Magnification 120,0G0X.
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Fig. 43.
S.P.l. graphite decorated with silver after 8 minutes
ultrasonic disintegration and 900°C heating.
Magnification 120,000X
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Fig. 44.
S.P.l. graphite decorated with silver after 10 minutes 
ultrasonic disintegration and 900°C heating^
Magnification 120,000X
151.

Fig. 45.
P.G-.A. decorated with silver after cleaving the graphite 
in water and heating to 900°C.
Magnification 120,000X
152.
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P.G.A. graphite decorated with silver after 4 minutes 
ultrasonic disintegration and 900°C heating.
Magnification 120,000X
■
P.G.A. graphite decorated with silver after 
ultrasonic disintegration and 900°C heating
Magnification 120
6 minute
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Fig. 48.
P.G.A. graphite decorated with silver after 8 minutes 
ultrasonic disintegration and 900°C heating.
Magnification 120,000X
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P.G.A. graphite decorated with silver after 10 minutes 
ultrasonic disintegration and 900° heating.
Magnification 120,000X
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Fig. 50.
The dependence of decoration ratios upon the duration 
of ultrasonic disintegration. 900°C pretreatment.
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D e c o ra t ion  r a t i o s  fo r  R G. A. and  S.PI. g r a p h i t e s  
h e a t e d  to  9 0 0 ° C  prior  to  decora t ion  with silver
PGA• * x Cycolohexane0 5
0-3
0-2
ai
S. p. I.0 5
0-4
0-3
0-2
IO84 6O 2
Time of ul t rasonic  d i s in tegra t ion  min.
It is clear that no radical change was caused hy 
the ultrasonic treatment, and though the 900°C treatment 
reduced, the decoration ratio, it is "believed that this is 
caused more by remoral of impurities from the surface 
than annealing of defects within the crystal. Therefore 
it does not appear that ultrasonic disintegration in water 
causes any anomolous effects in the graphite,
2. Nature of decorated sites.
There are apparently three different forms of 
aggregation of the decorating particles
1 . 100~2008 particles aligned along terminating 
edges of basal planes,
2 . 100-200S. particles in circular or irregular 
clusters on the top surface of the crystal.
3. 3oS particles on both edges and clusters.
In case 3 the 30a  diameter is very approximate since 
there is a wide divergence in size of particles in this 
range (Fig.40). In many cases these small particles 
decorate sites which are not decorated by t h e ‘larger 
silver particles, the converse also occurring, but since 
there is no marked divergence between types of site 
chosen it is not reliable evidence that the mechanism of 
decoration is different for the different size particles.
The predominating features decorated by the larger 
particles are the edges of crystal planes. The decoration 
is regular, with spacings of 12-1508 between the
158.
partiel es (Fig . 42 ) the part j.c 1 es of ten being f 1 att ened 
on the side facing tlie terminating plane. The particles 
are crystalline as is shown by their surface structure, 
but the flattening appears to have caused no enforcement 
of orientation in the case of silver, unlike gold where 
epitaxy of the decorating particles occurs (Evans, TJahl 
and Thomas 1967)c The clusters mentioned in case 2 show, 
in Fig * 42 some indication of decoration at defects. The 
area marked A shows the decorating particles clustered 
around a convergence of contrast lines arising from some 
defect within the graphite. At ’B 1 the cluster is a little 
distance from the defect line convergence but this may be 
because the line of the defect is not in a prismatic plane 
and so it is emergent some distance away from where con­
trast occurs, eg. if the crystal is 200a thick and the 
image of the defect is apparently in the middle of the 
crystal, a defect line of 15° to the basal plane will 
emerge on the upper surface of the crystal 375a away 
from the area of maximum contrast.
The majority of defects in a crystal will not be 
in a reflecting position for contrast to occur, since the 
graphite is lying normal to the electron beam and thus 
only those defects of line parallel to the electron beam 
will be visible. Whilst it can be seen that decoration, 
is associated with defects there is no indication that 
every silver particle represents an emergent defect.
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Trie re fore decoration counts cannot be taken as an 
absolute measure of defect density.
Previously it was mentioned that terminating moire7 
fringes are not indicative of a non-basal dislocation.
This is borne out in Fig.40 where at Y several terminating 
fringes are visible without decoration having occurred, 
and at X severe distortion of the fringes has occurred, 
again without corresponding decoration.
The use of cyclohexane as a medium for ultrasonic 
disintegration prevented subsequent decoration of P.G.A. 
graphite. Only a poor decoration was obtained after a 
900°C preheating to clean the graphite surface, and below 
this temperature there was an apparently random dis­
tribution of particles on the graphite. The particle 
density on the graphite was similar to that on the back­
ground film. This agreed with the findings of Hennig (1964) 
who had studied the effect of various solvents.
In a few cases the orientation of the crystal steps 
were determined from diffraction data, but there was no 
difference in particle count between the jiolo} and
r  —
\1120j edges.
C a t a 1 y s e d 0 x i d a t i o n o f G r a p h i t e .
During the oxidation of graphite it was noticed tint 
particles of metal from the mount and furnace migrated 
on to the specimen. So that confusion between uncatalysed 
and catalysed oxidation is not made, the mode of action 
of catalysis by metals is described first.
1. Platinum
It is a characteristic of catalysis by platinum and 
also by gold, that the particle moves parallel to the basal 
plane, carving out a channel of its own width. This had 
been studied by Presland and Hedley (1963) and I-Iennig 
(1962) who considered that any excess width of channel 
beyond the diameter of the catalysing particle must have 
originated from uncatalysed oxidation.
No channelling of this nature was observed below a 
reaction temperature of 780°C and Fig. 51 shows that even 
after 180 min. reaction at 640°C with a profusion of 
platinum particles, there is no evidence of channelling.
At 780°C the first signs of catalytic attack appear and 
Fig.52 shows a channel at X after 40 min reaction but it. 
is clear that the channel is much wider than the particle 
and uncatalysed oxidation predominates. At 810°C however, 
catalytic reaction is rapid and exceeds the uncatalysed 
oxidation rate Droducing long parallel sided channels asX O  O  J.
shown in Fig. 53. Also of interest in this micrograph is 
the superimposed diffraction pattern which, after allowing
Fig. 51.
S.P.lo graphite flake after 180 minutes reaction with
air at 640°C.
Magnification 320,000X.
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Fig. 52
S.P.l. graphite after 40 minutes reaction with dry air
at 780°C.
Magnification 120,000X
163.
mm
orientation of the ehanneIs. As can be seen the channels 
are all bounded by \ 10 i 0 s' olanes and it is noticeable at 
’A* that the channel changes direction through 60° too o
( 'i
retain the ALOiOj boundaries. Uncatalysed oxidation is 
also taking place at the boundaries of the Inlet narked 
1B T and the difference between the 120° edge erosion and 
the channels is very prominent.
The change in catalysed oxidation rate between 7S0°C 
and 810°C is large and obviously is a function of par­
ticle mobility. There is no evidence of decoration by the 
platinum prior to oxidation, nor are all the particles 
mobile, so that it would appear that decoration is not a 
precursor to catalytic oxidation.
The channels pass through steps on the crystal and 
for contrast reasons they must be several atomic layers 
deep. The regularity of the channels together with these 
features show that they a r e  not functions of defect con­
centration, and in fact appear quite unperturbed by 
variations in thickness or other features of the crystals, 
but proceed in directions governed by the overall lattice 
geometry alone. Therefore in the absence of these features 
it is reasonable to assume that the small particles of 
platinum have no significant effect upon the mode or 
rate of oxidation of the graphite.
F i g . 53.
S.P.l. graphite after 27^ minutes reaction with
dry air at 810 C
Magnification 84,000X.
165.
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2* P a 11 a cl i 11 m
The inotivatio11 Ior the use of palladiiim came f roia 
an early experiment in which the specimen was supported 
on a palladium grid and it was found that palladium 
migrated on to the specimen and catalysed oxidation.
Figs 54 a,b,c and d show the results of this early ex­
periment conducted at 900°C with dry air0 Fig.55 is the 
selected area diffraction pattern confirming the presence 
of palladium and graphite. The graphite protruded into a 
grid square that had no support film, and even after a 
degassing period of 1 hour some reaction had occurred 
with the residual air in the microscope. When air was 
admitted the reaction was much faster and there was con­
siderable mobility of the palladium particles as they 
carved out irregular channels in the surface of the 
graphite. There was no apparent orientation preference 
to the channels and the palladium seemed to diffuse into 
the graphite at the metal/graphite interface. After 7 
minutes reaction the flake was so eroded that it collapsed, 
the majority of the graphite having been removed. In 
several places the particles appeared blurred whilst their 
surroundings were in focus, showing that the particles 
were moving rapidly, not only in the direction of the 
channel, but also changing shape in a random manner.
In addition to this experiment, there was consider­
able interest in palladium for two other reasons, these
166.
Fig. 5 4 a .
P.G.A. graphite with palladium prior to oxidation.
Magnification 120,000X
Fig. 54b
P.G.A. graphite with palladium after 2 minutes 
oxidation with dry air at 900°C.
Magnification 120,000X
167 .

Fig. 54c.
P.G.A. graphite with palladium after 3 minutes reaction
with dry air at 900°C.
Magnification 120,000X.
Fig. 54d.
P.G.A. graphite with palladium after 6 minutes reaction
with dry air at 900°C.
Magnification 120,000X.
16S.

Fig.55.
Selected area diffraction pattern of area in Fig.54a,
showing both palladium and graphite reflections.
*
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lytic effect of palladium for hydrogenation of olefins 
that was studied in this department (Brownlee, Fryer, and 
hrebb 1969)
Therefore palladium metal was evaporated on to both
S.P.l. and P.G.A. graphites and the reaction studied in
more detail than in the early experiment, 
o
A 100a layer of palladium on an S.P.l. graphite 
crystal is shown in Fig.56, with a light shadow (white 
area-) that may have been caused by unevenness of the 
support film. The temperature was then slowly raised 
with the specimen under high vacuum environment within 
the microscope. Figs. 57a,b,c, and d show the specimen 
at the temperatures of 140°C, 200°C, 31.5°C and 410°C 
respectively as annealing and crystal growth of the 
palladium film took place* and Fig.58 shows the specimen 
at the reaction temperature of 515°C just before the air 
was admitted. The total time for this heating'procedure 
was 86 min with at least 10 min at each temperature men­
tioned, to minimise drift of the specimen caused by 
thermal movement of the specimen stage. The crystal 
growth of the palladium was a gradual process up to 350°C 
when it was seen that a few areas of graphite were 
decorated with small palladium particles. The majority 
of the film continued to exhibit the crystal growth
behaviour, especially in are. that had been ex tens i ve l.v 
viewed wi th the electron beam,. at 410°C spontaneous 
nucleation of limited areas of the palladium film 
occurred, as seen in Fig.57d with large particles of 
palladium being formed whilst other areas of the film 
remained unchanged, this coalescence increased until 515°C 
was reached when the majority of the palladium was dis­
tributed as shown in Fig.58. The coalescence was a very 
rapid process and individual movements within the film 
could not be identified. After coalescence there remained 
traces of palladium on those places where the film had 
previously been as shown by the fine dark lines in Fig.oS, 
and also some limited decoration of surface steps by 
50-200S. particles. The remainder of the palladium was 
nucleated in particles exceeding 200a diameter, some 
being several thousand angstroms in size. Despite the 
irregular shape of these large particles they were clearly 
crystalline. The effect of the electron beam was probably 
the deposition of a layer of contamination thdt prevents 
coalescence of the’ palladium film. Dry air was then ad­
mitted and after 8-J- minutes reaction a still plate 
micrograph shows a reacted area as in Fig.59. The large 
particles of palladium are still crystalline, as shown by 
the contrast lines visible on some of them, but many of 
the smaller particles have carved channels in the graphite, 
and are now stationary and have assumed a faceted shape.
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Fig- 56-
Evaporated palladium layer on S.P.l. graphite.
Magnification 160,000X.
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Fig. 57a
Annealing of evaporated palladium film on S.P.l. graphite
140°.
Magnification 120,000X.
Fig. 57b
Annealing of evaporated palladium film on S.P.l. graphite
200°C.
Magnification 120,000X.

Fig. 57c,
Annealing of evaporated palladium film on S.P.l. graphite.
315°C
Magnification 120,000X,
Fig. 57d
Annealing of evaporated palladium film on S.P.l. graphite.
410°C.
Magnification 120,000X.
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S.P.l. graphite with evaporated palladium film at 515° 
Before air admitted to specimen.
Magnification 160,000X.

Graphite lias been extensively removed around many of the 
particles but it is not clear how this erosion occurred. 
Figs. 60a and b show an area of graphite adjoining that 
of Fig. 59 (the two areas overlap top and bottom respect­
ively), Fig.60 a, being taken after 13 min reaction and 
Fig.60b after 19 min reaction. The particle of palladium 
at A and A f has changed its shape and eroded more graphite 
in the 6 minutes reaction between these two micrographs. 
Also the dark areas of contrast on the graphite have 
changed during this time. The mode of attack immediately 
becomes clear when a videotape record of the reaction is 
studied. Whilst dynamic effects were apparent to the 
operator, their significance was often lost with the 
preoccupation in operating the microscope and obtaining 
a record of the results.
The closed circuit•television system with videotape 
recording enabled dynamic effects to be studied at leisure 
and in tiiis reaction the attack on the graphite ivas only 
associated with mobile palladium particles. Preceding the 
attack there was severe distortion of the graphite lattice 
as shown by the black bands and moire'" patterns that 
flashed across the graphite surface and in soiae cases the 
graphite flake even lifted completely from the specimen 
support film. These contrast effects are shown in Fig.61 
after 64 min reaction, where at X a moving palladium 
particle was catalysing attack on part of a graphite flake,
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Fig. 59
Palladium on S.P.l. graphite after 8-|- minute: 
with dry- air at 515°C.
Magnification
> reaction
160,000X.
177 .

Fig. 60a.
Palladium on S.P.l. graphite after 13 minutes reaction
with dry air at 515°C.
Magnification 120,000X
Fig. 60b
Palladium on S.P.l. graphite after 19 minutes reaction
with dry air at 515°G.
Magnification 1 2 0 , 0 0 0 a .
178.

Whilst in motion the pa 11 ah i urn part ielo exhibited the 
cliaracteristies of a strongly agitated liquid droplet 
with rapid changes of snaps, and protuberances rising 
and falling from the surface. However the particle at 
X is shown to retain a 120° geometry at its leading edge 
whilst the rest of the particle is in motion. Other 
experiments showed that there was no significant differ­
ence in reactivity between P.O.A. and S.P.l. graphites 
and that when a mobile particle reached the edge of a 
crystallite it reversed direction and catalysed reaction 
on remaining graphite within the crystallite, and did not 
cross the grain boundary. Finally the particle came to 
rest for no apparent reason and assumed a faceted overall 
shape and other features associated with a crystalline- 
state. There was no apparent diminution of size of the 
reacting particle during the course of reaction. Overall 
the channels carved out by the particle were parallel 
sided showing that uncatalysed oxidation was not signi- 
i ficant ( as would be expected at this temperature) but tiie 
channels had serrated sides reminiscent of 120° geometry. 
There was, however, no preferential orientation of the 
channels with either of the prismatic planes.
The rate of reaction was very variable for this 
catalysed reaction since the mobile particles moved at 
•rates between 50 and 500oS/sec whilst the majority of 
surrounding particles remained stationary. There was no
179.
Fig. 61.
Palladium on S.P.l. graphite after 64 minutes reaction
with dry air at 515°C.
Magnification 160,000X.
180.

significant effect from electron he am heating since 
increasing the beam intensity had no visible effect 
either on the proportion of particles moving at any one 
time (about 1%) or their velocity. At higher furnace 
temperatures the number of moving particles did increase. 
(N.Bo The intensity of the electron beam need not in­
crease the temperature of .the specimen significantly 
since it depends upon the thermal contact the specimen 
has with the support film, which in graphite is generally 
large).
One further feature of the palladium catalysed 
attack is shown in Fig. 62 which is of a graphite flake 
on the si 1 ica-suppor.t film0 At A,B,C and D areas of 
silica film have been removed. This micrograph was taken 
after the 75 minute reaction had been terminated and also 
shows superimposed^ electron diffraction pattern and a 
light circle denoting from whence it came. The removal of 
silica at these temperatures is much more than that which 
would have been expected from a comparable uncatalysed 
reaction, and therefore it would appear that the palladium 
also catalyses the diffusion of silica from the support 
-film.. It is significant that the areas of removal were in 
close proximity to a large particle of palladium.
131.
Fig. 6 2 o...
Palladium on S.P.l. graphite after 75 minutes reaction 
with dry air at 515°C. Loss of silica from the support 
film is shown by the formation of holes.
Magnification 84,000X.

Un c at a 1 v s e •: 1 j) >: id 11 uion of Graphite.
This refers to oxidation experiments on S.P.l. and 
P.G.A. graphites with dry air in which the catalysis of 
the type previously described does not appear to have 
. taken place, and there is no visible interaction between 
any spurious contaminants and the graphite.
1. Preferred orientation of reacting edges.
a ° Reactions conducted outside__the microscope .
With dry air around the specimen a series of experi­
ments was conducted employing a pressure range from 92- 
478 torr at a temperature of approximately 450°C.
Attempts were made to perform sequential reactions on the 
same specimen, but contamination deposited both in the 
microscope and the furnace, prevented quantitative kinetic 
data from being obtained. Figs.63a and b show a flake of 
S.P.l. graphite before and after 15 minutes at 450°C under 
a pressure of 478 torr of dry air. Fig. 63b has an 
orientation diagram superimposed on the micrograph, the 
; orientation being determined from a dark field micrograph, 
Though the eroded edges are very ragged it can be seen 
that {loio] planes are exposed at reacting edges in 
preference to ^112o| planes. Similarly this preferred 
orientation is shown in Fig. 64 which was produced by 
reaction at 450°C and 376 torr. In Fig.65 which is another
area from the experiment performed at 478 torr, two of
/ — x
the edges of the indentation are bounded by |1010j planes
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Fig. 63a
S.P.l. graphite prior to reaction outside the electron
microscope
Magnification 120,000X.
- ~o,S.P.1. graphite after 15 minutes reaction at 450 C in 
478 torr air pressure.
Magnification 120,000X.

Fig. 6 4 .
S.P.l. graphite after reacting with dry air at 450°G 
and 376 torr, outside the electron microscope.
Magnification 168,000X.
185.

Fig. 65o
oS.P.l. graphite oxidised at 450 C and 478 torr outside 
the electron microscope.
Magnification 320,000X.
1S6.

whi 1 s t the tn i rd is { 1 I20  \ . The latte r wa.s being
K j °
oxidised in a oaiiner that changed the orientation, so 
that in many cases the exposed edge was converted to 
exposure of {lQloj planes0 Therefore there appeared a 
definite preference for this orientation.
All the experiments performed in the pressure range 
90-500 torr at 450°C showed this orientation effect and 
it appeared independent of the amount of contamination 
that was present on the specimen. The majority of the con­
tamination was shown to he Na A1 0^ . SH^O by electron 
diffraction, and it is unlikely that this would have 
given rise to catalytic activity of this nature..
b ._Reactions conducted inside the electron m icroscope.
Under these reaction conditions using the first gas 
reaction stage, the pressure of the dry air was not known, 
but the reaction could be carried out under far cleaner 
conditions. However, despite these differences the results 
were the same-with the eroded edges of the crystals having 
£l010j planes exposed. Fig. 66 shows a flake of S.P.l. 
graphite after 8 min reaction at 715°C, and Fig.67 a flake 
of P.G.A. graphite after 4 min oxidation at 520°C. In 
both cases {lOlo} orientation was assumed by the reacting 
edges despite the initial orientation of that edge of the 
crystal. This is shown vividly in Figs. 68a and b where 
’a' represents a flake of S.P.l. graphite prior to reaction 
at 740°C and ’b ’ shows the same area cifter 50 minutes
187.
Fig. 66.
S.P.l. graphite after 8 minutes oxidation at 715°c with 
dry air inside the electron microscope.
Magnification 160,000X.
18S.

Fig. 67.
P.G.A. graphite after 4 minutes oxidation at 520°C with 
dry air inside the electron microscope.
Magnification 120,000X.
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Fig. 68a.
S.P.l. graphite prior 
to reaction.
Magnification 100,000X.
Fig. 68b
S.P.l. graphite after 50 minutes reaction with dry air 
at 740°C inside the electron microscope. Diffraction 
pattern of this area can also he seen.
Magnification 100,000X.

reaction j  together with a diffraction pattern. Though
the initial orientation of the right hand side of the
f ~~ ^crystal was largely with gll20r exposed planes, after 
reaction the faceted indentation all had |l010j exposed 
planes. In the last reaction the small particles of metal 
from the furnace or the mount are visible, hut they do 
not appear to have influenced the orientation, particular­
ly since the same preferred orientation was obtained when 
the particles did not migrate on to the specimen.
The orientation of a specimen from the dark field 
micrograph is not as straightforward as the diffraction 
method, but this was the only possible method in the ease 
of P.G.A. where the crystallites were very small and only 
a ring diffraction pattern could be obtained. A typical 
example is shown in Figs 69a and b where apparently the 
orientation of the erosion changes between A and 13, but 
the dark field ( (l0l6) reflection) shows that there are 
several crystallites present, and in fact by constructing 
an orientation diagram from the elongation of- image points 
for these crystallites, it is clear that in fact they all 
follow^ the preferred (lOlCj) orientation for eroded edges. 
This specimen of P.G.A. had been oxidised at 690°C for 
7 minutes.
From, all the graphite specimens studied and reacted 
between the temperatures of 430°C and 815°C, the eroded 
edges were bounded by l^OloJ- planes and the progress of
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the reaction was by regression of these planes of the 
specimen, irrespective of the initial orientation of the 
edges of the specimen. The only difference in appearance 
between the P.G.A. and S.P.l. graphites was that the areas 
of hexagonal symmetry comprising two or three sides of 
a hexagon were smaller for P.G.A. but greater in number 
than in the S.P.l. This was expected because of the 
greater crystalline perfection of the S.P.l.
2 . Kinetic s tudies on .graphite oxida tion.
The experimental procedure for kinetic analysis has 
been described previously but it did not include the 
analysis of the results gained from it. Described here 
is a typical experiment in detail, so that repetition of 
results in their unprocessed form can be omitted for each 
experiment.
S.Pol. graphite was mounted on a silica, film and 
treated in the microscope in the usual manner. The degass­
ing time in vacuum at the reaction temperature was 65 
minutes with the orientation being determined*by electron 
diffraction prior to degassing. The reaction temperature 
was 640°C, and Fig.70a shows a graphite flake after de­
gassing. Fig.70b-m refer to reaction times betwreen 3 and 
179 minutes respectively, the time each micrograph was 
taken being shown by the micrograph legend. The two areas 
selected for measurement are marked P and Q.in Fig.70g.
A different flake of graphite on the same specimen is shown
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Fig. 69a
P.G.A. graphite after 7 minutes reaction with dry air 
at 690°C, inside the electron microscope.
Magnification 100,000X
Fig. 69b.
Dark field micrograph of area shown in Fig.69a.
A (lOlo) reflection was used in this micrograph.
Magnification 100,000X.

made from t h 1 s area since two overlying flakes are beiny 
eroded and it is possible to separate the contribution of 
each. For each of the areas chosen P, Q, R, (the latter 
incorporating two areas) the area, at different‘reaction 
times was measured by the-tracing technique and the edge 
length of the eroded area also measured. Thus values were 
obtained for areas eroded per unit length of exposed edge, 
the units being X“/X. The results for this experiment 
are shown graphically in Fig072 for areas P and Q , and 
Fig.73 for both areas R. Reasonably linear graphs are 
given, but since the range of values is small, any 
exponential component would not be particularly out­
standing .
The slopes of these graphs are:-
area P =• . 6.2 A/min
- Q = 4.4 X/rnin
R = 5.8 0 / . A/mm
R* n 0*5 2/m in
These values represent edge attack on the graphite 
assuming that basal plane attack is negligible by com­
parison. The graphs do not necessarily pass through zero 
since the attack undoubtedly started at some inhomogeneity 
in the crystal, and thus a finite size of reactive site 
would be present at the start of reaction.
S.P.1. graphite after degassing at 640°C for i hour and 
prior to reaction in the microscope at the same tempera­
ture, with dry air.
Magnification 63,00OX.
Fig. 7 Oh
After 3 minutes reaction at 640°C.
Magnification 63,000X.

After 8 minutes reaction 
at 640°C.
Magnification 63,000X.
Fig. 70d.
After 16 minutes reaction 
at 640°C.
Magnification 63,000X.

Pig. 70c.
After 2l|- minutes reaction at 640°C.
Magnification 63,000X
Fig. 70f.
After 46 minutes reaction at 640°C.
Magnification 63,000X

Fig. 70s.
After 60 minutes reaction at 640°C
Magnification 63
Fig. 70h.
After 63 minutes reaction at 640°C
An adjacent area.
Magnification 63,
,000X
000X.

Fig. 70i.
After 89 minutes reaction at 640°C.
Magnification 63,000X
Fig - 70J-
After 126J- minutes reaction at 640°C
Magnification 63,000X
199,
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After 143 minutes reaction at 640°G.
Magnification 63,000X.
Fi^_70J. 
minutes reaction at 640°C.
An adjacent area.
Magnification 63,000X.

Fig. 70 m .
After 179 minutes reaction at 640°C.
Magnification 63,000X.
201.

Fig. 71a.
S.P.l. graphite after 19 minutes reaction at 640°C with 
dry air inside the electron microscope.
Magnification 100,000X.
• Fig. 7lh 
After 66 minutes reaction.
Magnification 100,000X.
201.

Fig. 71c.
After 130 minutes reaction at 640°C.
Magnification 100,000X
Fig. 71d.
After 166 minutes reaction at 640°C.
Magnification 100,000X
202.
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Fig. 71 e .
After 180 minutes at 640°C.
Magnification 100,000X.
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Time dependence of rate of removal of carbon from 
crystallite edges in areas P and Q shown in Fig.70a
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Fig. 73,
Time dependence of rate of removal of carbon from 
crystallite edges in areas R and R ’ shown in Fig.71a-e.
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Three ox these values - P, R, and R ' - are in 
reasonable agreement with each other, the rate for area 
q being significantly lower0 Examination of the micro­
graph Fig.70m shows areas of loss of silica along the edge 
of the graphite of which q is one area. The loss is made 
manifest by the appearance of holes in the support film, 
and therefore it is not unexpected that silica inhibition 
of oxidation occurred. Area P was not resting directly 021 
the graphite and was thus some distance from the silica 
film and the areas R and R ! do not show signs of any 
adjacent loss of silica. Probably the graphite flake was 
not in close contact with the support film. The shadowing 
experiments described previously show that it was common 
for not all of a graphite flake to be in intimate contact 
with the support. Therefore the value for rate of oxidation 
at area Q is suspect and where close proximity of a 
measured reaction area and loss of silica occurred the 
result for rate analysis was examined separately from the 
\ normal areas, eg. P,R and R 1.
i
In Table VI the values for rates of reaction are 
tabulated for both P.G.A. and S.P.l. graphites. Micro­
graphs are included to demonstrate the nature of the 
graphite flakes chosen for study, but the complete series 
of micrographs for each reaction are not included because 
of the .large number involved, i.e. each experiment com­
prised a minimum of 12 micrographs and sometimes as many
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Temperature 
of reaction
°C.
T all
Ivpo of 
graphite
le .VI
hate of 
reacti on
a/ m in 
[lOlOj
Remarks
495 P.G.A. 1.05
520 P.G.A. 0.77 Pitting in other parts 
specimen. Fig.67.
535 P.G.A. 2.7
535 P.G.A. 5.5 Pitting in specimen of 
regular shape.Fig.74a,
580 P.G.A. 3.9 No pitting.Fig.75.
640 P . G . A.. 8.6
690 P.G.A. 14.0 Fig o 6 9a and b
715 P.G.A. 29.2 Slight pitting
745 P.G.A. 4.82 Extensive pitting Fig.
535 S.P.l. 1.6 Fig.79a and b .
580 S.P.l. 2 o 0
635 S.P.l. 9.6 Fig o 77a and b ,
640 S.P.l. 5.8 Fig.70a-m,Fig.71a~e
685 S.P.l. 13 o 5 Slight pitting
715 S. Pol. 11.2 Fig o 66
740 S.P.l. 24.9 Fig.68a and b
780 S.P.l. 28.6 Figo52
810 S.P.l. 35.9 Fig.78
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Fig. 74a.
P.G.A. gr.aphite after If minutes reaction with dry air 
at 535°C inside the electron microscope.
Magnification 120,000X
Fig. 74b.
After 6 minutes reaction at 535°C
Magnification 120,000X
208.
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mm
Fig. 74c.
After 10 minutes reaction at 535°C.
Magnification 120,000X
Fig. 74do
After 17 minutes reaction at 535°C.
Magnification 120,000X
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Fig. 75.
P.G.A. graphite after 23 minutes oxidation with dry air 
at 580°C inside the electron microscope.
Magnification 160,000X.

Fig. 76a
P.G.A. graphite after 20 minutes oxidation with dry air 
at 745°C inside the electron microscope.
Magnification 120,000X
Fig. 76b.
After 32 minutes reaction at 745°C.
Magnification 120,000X

Fig. 77a. 
g.P.1. graphite before reaction.
Magnification 120,000X
Fig. 77b.
S.P.1. graphite after 7 minutes reaction with dry air 
at 635°C inside the electron microscope.
Magnification 120,000X.
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Fig. 78.
S.P.l. graphite after 15 minutes reaction with dry air 
at 810°C inside the electron microscope.
Magnification 160,000X.
213.
i'.',
■ v
m m
’>£+■-+ •-
S.P.l. graphite prior to reaction.
Magnification 120,000X.
Fig. 79b.
S.P.l. graphite after 9 minutes reaction with dry air at 
535°C inside the electron microscope0
Magnification 120,000.X.
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parts of the specirnen that were chosen for measurement. 
Where a value was obviously erroneous because it was taken 
from an area in close proximity to obvious silica 
diffusion, or catalytic attack, then this was. not included 
but in view of the danger in selectivity of these 
exclusions, then the reasons for exclusion had to be co­
gent. In some cases several experiments were performed at 
the same temperature, and where different values were 
obtained for each experiment then these values are listed 
separately - eg. P.G.A. at 535°C. However, it was more 
normal for a reasonable agreement to be obtained. The 
pits--that sometimes occurred gave varying results in that 
only at 745°C with P.G.a . graphite were they at all 
typical of the mode of oxidation; this experiment, however 
gave anomolous results as the oxidation rate shows, and 
thus may have been severely contaminated. In other cases 
the pits appeared to have been formed by the presence of 
impurities or some non-general defects in the graphite, 
and the kinetic data measured from pit expansion did not 
give consistent data. In some cases the kinetic value 
agreed with the edge regression values, and in some cases 
not. There was no visible evidence to account for this.
As mentioned earlier, there was no indication whether 
an exponential or linear relationship existed for the
Fig. 80c
Variation in time dependence of reaction rate for 
S.P.l. graphite oxidised at 740°C inside the electron 
microscope with dry air. The specimen from which these 
kinetics were measured is shown in Fig.68a and b .
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Activation energy determination for P.G.A. 
graphite.
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Fig. 82.
Activation energy determination for S.P.l. graphite.
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kinetic graphs, and thus a linear relationship was arbi­
trarily chosen. No general deviation from linearity vans 
observed as reaction time increased, and the only feature 
that did reappear from experiment to experiment was an 
undulation in the graph soon after the reaction had com­
menced. This did not occur in all cases, and in several 
it was not significant. It was observed on several 
occasions and Fig.80 shows an example. This inflexion 
generally occurred after approximately 16 minutes reaction 
time, and the phenomenon was independent of temperature. 
However if the effect was real - which is far from certain- 
it was probably a function of the apparatus rather than 
being of any chemical significance.
The rates show that S.P.l. was more resistant to 
oxidation than P.O.A. on the ^lOlo} planes, and it can be 
seen that the eroded edges of the S.P.l. were usually 
more symmetrical and bounded by 120° angles than in the 
,case of P.G.A. The latter was also much more susceptible 
to pitting.
3. Act.ivation energies.
The graphical descriptions of these reactions are 
linear and thus are typical of a zero order reaction.
This is not unexpected from previous results reported. 
Furthermore since a single reactant plane of the graphite 
is involved, it is probable that there is a strong 
adsorbtion of gas on to this plane, making the reaction
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independent of pressure, and thus zero order. The 
reaction rate constants k at various temperatures can 
be used to determine the activation energy from the 
Arrhenius equation.
-E
k = Ae RT
A is a constant 
E - the activation energy 
R - the gas constant 
T - absolute temperature.
Plotting log k against T  ^ the graph has a slope of
- E k eal/mole.
4.58
Hence the activation energy can be determined, and Pig.
81 and 82 show the activation energy graphs for P.G.A. 
and S.P.l, respectively. The values for activation 
energy were:
P.G.A. E = 21.0 k eal/mole (A=9.34 x  10^)
S.P.l. E = 19.8 k cal/mole (A=3.53 x 10°)
The scatter in experimental data points on the graph 
is considerable, but it is unlikely that more than a 5yc 
error has occurred in measurement,and extensive statis­
tical treatment upon these points did not yield any 
additional information. No figure could be deduced for 
the error in temperature measurement of the specimen, and 
it is most probable that this was the cause cf the majority
of the scatter for the kinetic values. The graphs show
2 2 0 .
that there was no narked change in activation energy 
over this temperature range, and since the experiments
were performed in gas atmospheres that had been purified
on different occasions, there has been apparently no 
significant contamination in the reactant gas,
4 . Characteristics of oxidati_on.
The manner of oxidation was that only exposed edge
atoms were removed, thus after a few minutes reaction the
( ~ 1
bordering atoms lay in -;1010j planes. This was true for 
both types of graphite, the only difference being that the 
length of a particular (lOlo) plane was much shorter in 
the case of P.G.A. than for S.P.l, In some cases the 
length of each particular plane was so short that the 
borders appeared to have a rounded appearance. Closer 
examination revealed, however, that within a particular 
piece of graphite the lengths of each particular plane 
exposed varied widely and yet there was no observable 
evidence to suggest why a change in oxidation direction 
should have taken place. Pig 68b is a typical .example of 
this in that the crystallographic nature of all the 
exposed planes is consistent but there is wide variation 
between different points on the same layer as well as 
between layers. In some cases there is apparent protection 
by the metal contamination particles, but a similar 
effect is seen in Pig. 67. It is noticeable that groups 
of layer planes consisting of approximately 5-20 layers
high behaved as a unit and were oxidised evenly whilst 
the group of planes above 03; below would be oxidised in 
entirely different directions. This produced a serrated 
edge rather than an even regression. This effect can be 
seen at the area I! in Fig.71 and this difference in 
oxidation characteristics between groups of layer planes 
also coincides with the raoire^ rotation,, Moire^ fringes 
arise from one set of layer planes being rotated relative 
to underlying planes and the diffracted beams produced by 
these two sets of planes interfere and give rise to the 
interference pattern. The block of layer planes that is 
rotated also behaves as a coherent block with regard to 
oxidation. Extending this data further, the moire^ fringes 
in Fig.67 were all measured and the interplanar rotation 
calculated.
The calculated angle was plotted against the length 
of eroded edge that remained in one crystallographic 
direction (ie. before branching at 120°) for each par­
ticular flake of graphite. This graph is shown in Fig.S3 
and is linear, showing that the cause of changes in 
oxidation direction was a function of interlayer bonding 
rather than intra-layer bonding as would be the case if 
the presence of defects was the reason.
Moire^fringes can be indicative of dislocations 
though this is not always true as shown previously. 
However there was no indication that breaks or changes
Fig. 83.
Dependence of length of crystallographic perfection 
of edge on the relative rotation of the crystal to 
those above and below it in the layer stack.
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in direction of woire fringes were associated with 
enhanced oxidati on„ this would usually have required has a. 
plane pitting to have taken place hut no connection 
between the two phenomena could he established in the 
few cases when they were both present on a specimen.
Other forms of contrast can arise on a specimen as well a 
moire7 interference, and a typical example, Pig.84 shows 
how S.P.l. graphite has undergone oxidation for 23 minute 
at 740°C. There is no evidence that the lines of contrast 
have any significant effect upon oxidation. These lines 
arise from buckling and distortion of the lattice which 
induces strain but not necessarily rupture of C-C bonds.
There were very few cases of basal plane pitting 
and they were all confined to P.G.A. graphite above 700°C 
On only one occasion was extensive pitting observed and 
this at 745°C so it would appear to be a feature of highe 
temperature oxidation than was used in this work. This 
pitting is shown in Fig. 76a and b and there is some 
evidence that the pits are of a spiral nature. However 
on another part of the same specimen much less frequent 
pitting was observed and thus this area may be anomalous. 
The pits do not appear at all regular though in general 
the 120° symmetry is observed. Other cases of pitting 
were confined to badly distorted areas of graphite such 
as shown in Fig.67 where no accurate interpretation can 
be made. Beyond the cases cited there was no evidence
Fig. 8 4 .
S.P.l. graphite after 23 minutes oxidation at 740°C with 
dry air inside the electron microscope.
Magnification 160,000X.
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In contrast to this it is seen in many cases that the 
uppermost layer of a graphite flake regress faster than 
those helow it, but this may be due to other .factors.
The rotation effect observable by moire^fringes do 
not necessarily indicate that the rotation itself is 
responsible for the edge perfection, but may be 
representative of the energy of the twist boundary.
Effect of Silica Support Filuis._
These support fiIns were composed of a silicon 
monoxide/dioxide mixture which was evaporated under vacuo: 
it could not be regarded as pure silica. It was unexpected 
that significant diffusion into the graphite occurred in 
the temperature range employed. P.G.A. graphite was more 
susceptible to this diffusion than S.P.l. graphite for 
after 1 hour of reaction at 535°C holes appeared in the 
support film adjacent to the graphite. It was clear that 
this diffusion only occurred along the graphite edges as 
is shown in Fig.70,1. which was representative of several 
instances, and it was a slowr process that was noticeable 
only after considerable reaction time. When marked silica 
diffusion had taken place as occurred in the experiments 
performed at 900°C there was a marked change in the 
appearance of the graphite. It developed a very rough 
appearance and the edges became diffuse as oxidation 
proceeded, but no crystallographie directions were estab­
lished. Holes also appeared in the graphite but again the 
edges were ill defined and circular in shape. A series 
is shown in Fig.85a-d with P.G.A. graphite reacted at 
900°C. At one point regular crystallographie edges can be 
seen developing on the upper surface of the crystal, but 
in later micrographs these have disappeared into the ill 
defined mass which the graphite became. Kinetic measure­
ments were not possible on. these samples - both S.P.l.
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and P.G.A, showed similar effects - but it was clear 
that at this temperature silica diffusion was more signi­
ficant than air oxidation, these specimens were degassed 
at 900°C in vacuo for 1 hour prior to reaction and it was 
probably during this period that some of the diffusion 
occurred. However, on admitting air, the graphite very 
rapidly lost its regular structure with both the edges 
and basal plane being unevenly eroded. There was no 
evidence from electron diffraction data of compound for­
mation between the silica and the graphite.
In addition to suppressing the uncatalysed oxidation, 
the silica appeared to stop any catalysed oxidation by 
the platinum particles from the mount and the furnace-. 
There was no sign of channelling, but this inhibition may 
have been due to the formation of a platinum silicate or 
silicide rather than inhibition of the graphite. Again 
there was no electron diffraction evidence for this but 
the contamination masses visible in Fig085c were unlike 
those found at lower temperatures as for example in Fig. 
71. The destruction of the regular crystal1ographic mode 
of oxidation by silica diffusion, shows that at a lower 
temperature, where crystallographie definition was good, 
then the effect of silica was not significant unless the 
area under study was immediately adjacent to the point of 
diffusion.
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Fig.85a.
P.G.A. graphite prior to reaction, and after degassing
at 900°C for 1 hour.
Magnification 120,000X.
Fig.85b
P.G.A. graphite after 13 minutes reaction with dry air 
at 900°C inside the electron microscope.
Magnification 120,000X.
:
Fig. 85c.
P.G.A. graphite after 20 minutes reaction with dry air 
at 900°C inside the electron microscope.
Magnification 120,000X.
Fig. 85d.
P.G.A. graphite after 31 minutes reaction with dry air 
at 900°C inside the electron microscope.
Magnification 120,OOOX.
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1 o High hesoliition Stud.ie_s .
The structure of the supporting film was easily 
explicable in terms of small, randomly orientated crysta 
lites, but there was no known apparent structural reason 
why graphite should have appeared to have a granular 
texture. The granules were approximately 5a in diameter. 
The resolution limit of the electron microscope is most 
simply described in terms of an object that will be 
imaged as an Airy disk whose diameter can be described a
the • objective lens must process the scattered amplitudes 
and phases out to wide angles without distortion. Lens 
aberrations and lens current instabilities etc. will all 
act to distort the phases at the image planes and thus 
limit the ability to reconstruct an image of molecular 
detail.
The resolving ability of the electron microscope
r
is meaningless unless the image of size & can produce 
sufficient contrast to be visible in the image plane. 
Therefore the high resolution micrographs cannot be
where is the half angle of the objective lens
aperture. However to reconstruct molecular configuration
interpreted unless the contrast of the detail shown by 
then can be explained.
Contrast is produced by both diffraction contrast 
and phase contrast. The former has been quantitatively 
interpreted by V/helan (1958) and is applicable mainly to 
object detail exceeding 10-15a in size, but phase contrast 
has not yet been defined to such a rigorous extent. 
Considering elastically scattered electrons the total 
elastic scattering cross section Q  ^ can be described by:
_2Tr . TT
0 1J J |V3 | S i n  p d p  < u■el
ot - o  ^~ 0
"Tr rfc j .^Tr Tr
Ijlcj! S  1 n R j. p  cl c< —V-
&•' 0 (2=0 tXrO
S  i n p  ' c l p  ck
This is derived from the kinematic scattering theory 
enumerated by V/helan, where is the amplitude of the
scattered wave (thus 1^3 I appropriate intensity
distribution) and the angle variable about the optic
axis.
• In the second equation the first term relates to the 
portion of the diffraction pattern falling within the 
objective aperture and the second term describes that 
portion of the scattered electrons falling outside the 
objective aperture. Diffraction contrast is described by 
this second term since the contrast is produced by
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subtraction of the scattered electrons froia the trans­
mitted beam; these .sc.it to red electrons being cut off by 
the objective aperture, Phase contrast is described by
the first term since it is a recombination of the
elastically scattered beam of amplitude D with the trans­
mitted beam of amplitude T. The phase of the scattered 
beam relative to the transmitted beam is > thus
the combined wave function at the image plane \^J is:-
y  = T + i DelX
\ *\ and the intensity |y | = .1-2TD Sin K,
and maximum contrast Gniax= 4TD if Sin "X. =1
but it is clear that the interpretation of phase contrast
is dependent upon the interpretation of the phase 
difference "X
Since the focus of the instrument cannot be in­
finitely varied and specimens - even atom points - have 
a three dimensional character, this must be taken into 
account by consideration of the Fresnel transform which 
1 is the vertical phase summation in the object; This is 
analogous to the structure factor in X-ray crystallo­
graphy. Thus this factor together with "X must be known 
for a detailed interpretation of phase contrast, and for 
two image points the contrast G19:
°12 =  - b )  S i n X
o
where - F^ is the difference between the two real
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without knowledge oi Sin \  and at present this cannot he
quan t i t a t i ve 1 y d e t e r m i. n e d .
From both the dynamical and kinematical derivations 
for the intensity of the scattered wave
can be minimized experimentally.
x  describes the effect of lens instabilities and stray 
magnetic fields.
Determination of the values in this equation has been 
carried out by Heidenreieh (1967) and Thon (1966) and 
a reasonable agreement between experimental and theoretical 
results were obtained. The determination of the transform 
showed that important information-could be obtained from 
the image.
The image point intensity distribution is thus a 
phase map in which points of equal intensity are points 
of equivalent phase amplitude and interpretation of the 
high resolution micrographs is not valid unless this 
factor is taken into account. The variation of with
where jjCi is wave vector
/\ | the defocus value
of the scattered beam
CQ the spherical aberration coefficient.
"X* describes the astigmatic phase contribution which
A  1 o explains why a true equivalence cannot be made for 
micrographs taken under different focus conditions, and 
whilst there arc some points marked on the micrographs, 
their agreement in subsequent micrographs is purely 
fortuitous (Figs.23,24 , 25 and 26).
The algebraic expressions shown, reasonably des­
cribed the contrast of the images obtained at high 
resolution and the granular appearance is understandable. 
The more fundamental problem was what did this appearance 
represent in structural terms? A random contrast within 
the specimen could have arisen from defects or parts of 
the specimen lying in a different plane from the rest, but 
in this work and in that of Heidenreich the fundamental
unit was 5a : this is not a crystallographie unit expected
could-
by consideration of the lattice. It^be suggested that the
graphite structure is not composed of completely planar
layers of carbon atoms, but that the layers are slightly
puckered as shown in Fig.86, the central atom of the
approximately 5a  cell being out of plane with the other
atoms in the large hexagon. This would divide the lattice
plane into units of approximately sS rather than 2.46X
units expected from the perfectly planar structure, the
central atoms of the 5a  cells being superimposed tirough-
out the layer structure whilst the carbon bonded structure
retained its abab....stacking sequence. For this structure
to have produced the phase contrast seen in the micrographs
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Fig. 86.
Division of graphite lattice into units of 4. 92X 
inclined at a slight angle to each other.
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the puckering could be as small as 0.02A. There is also 
circumstantial evidence for puckering from the X-ray 
crysiallographic studies of Kassel and Mark (1924) and 
fsuzuku (1953), whilst Lukesh (1950) observed bond dis­
tortion of up to 4 0 ’ by a similar technique. Conversion 
of a structure with hexagonal stacking sequence to one of 
rhornbohedral stacking requires a considerable amount of 
energy, eg. severe mechanical deformation (Bacon 1950), 
but this change can be achieved chemically by treatment 
with agents that expand the interlayer'spacing and then 
decompose. Strong acids and FeCl^ are agents of this 
type (Laidler and Taylor 1940), yet if the graphite net­
works were perfectly planar it would be unlikely that the
0
layers would have to be expanded to the extent of 5-8A, as 
occurs in these treatments, for slip to occur. The ex­
panded lattices of turbostratic carbons represent further 
evidence for the wide interlayer spacing necessary for 
free rotation. The puckering would have two effects upon 
the interlayer bonding: firstly, to prevent rotation and
slip by the physical presence of the three dimensional 
layer character and, secondly, to aid this locking by 
focussing electrostatic charge at the points of the apexes 
of the puckers, which would enhance the strength of the 
interlayer electrostatic attraction.
Electronically slight puckering would not' be 
inadmissable, since the C - C bond length within the layers
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is greater than that of benzene , and thus the same degree 
of planarity would not be expected.
Further considerations of electron scattering theory
would tend to discount the puckered lattice hypothesis,
because the scattering is dej:>endent upon the wave vector
normal to the electron beam. Since this is very small, a 
/
much larger amount of puckering, eg. 0.5^, would be 
necessary to produce the effect in the micrographs. Such 
a degree of puckering would be easily observed by X-ray 
diffraction, and this has not proved to be so.
A further factor to be considered in discussing
o
puckering lies in the fact that the 5A unit would produce 
a much larger unit cell size which should be observable 
by electron diffraction in a form analogous to a super­
lattice. No such extra reflections have been observed.
Therefore, it is unlikely that a regular disturbance 
of the lattice , in the manner suggested, does exist and 
thus the grain structure remains an enigma. However, 
these high resolution micrographs do show that graphite 
is not entirely the simple hexagonal structure that is 
suggested from X-ray diffraction evidence.
It is' probable that this question will not be 
resolved until higher resolution microscopes are developed. 
Xt present the observation of such structures is at the 
limit of the electron microscope's resolving power.
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The other feature of the high resolution studies was
that visible pores did not occur through the graphite
o
layers and thus pores about 10-20A in diameter would
only occur at grain boundaries or between the graphite
«
layers. The latter may occur when two layers are 
rotated relative to each other and the effect of puckering 
would enhance the open pore volume. The association of 
rotation and gas accessibility was shown in the un­
catalysed oxidation studies where the erosion removed a 
rotated plane, and the greater the rotation the more the 
rotated layers behaved as a separate, perfect crystal 
( F i g .  83).
2* Moire/ fringes
These were very common in the specimens investigated
and often were continuous over a large area of the graphite
flakes. A conservative,estimate of non-basal defect con—
4 / 2centration in S.P.l graphite is 10 defects/cm (Thomas
1968), so if a random distribution is assumed, a defect
should be encountered at lOOu intervals. In the specimens
* *
shown in Pigs. 27 and 28 there were no discontinuities 
but Pig.29 was more typical in that there were'some dis­
continuities present, and in a far greater concentration 
/ 4 2than 1 defect/10 p . There is no reason to doubt a 
random defect distribution and this it is probable that
the inoire patterns show nore than solely non-ha sal 
defects , Basal de.1'oc rs v/ou].d not he 1 waged by moire/ 
patterns and thus the layer pianos are probably buckled, 
thereby altering their Bragg reflection angles. This would 
support the puckered layer theory described previously 
since a moire7 pattern can only arise from slightly rotated 
crystal (in the case of graphite) and puckering would 
cause severe out of plane buckling as the layers moved 
relative to each other. Thus the high defect concentration 
suggested by the moire7 fringes would be largely an artefact. 
3 . Heavy met a 1__ sh a d owning .
Again the non-regularity of graphite crystals was 
displayed. The evidence that a large number of graphite 
flakes were not in the plane of the support film showed 
that the grain boundary between flakes w a s o f  fairly high 
energy and that interaction occurred across the grain 
boundary. The interlaver bonding must be sufficiently 
rigid to have prevented adjustment of the layers to bring 
! all the flakes having basal planes parallel to*the support 
film.
It is of interest that the layer planes appeared to 
terminate on vertical edges exceeding 2oX in height and 
that non vertical edges composed of single atom la}7ers 
were not observed. From the moire7 rotation and shadowing 
experiments it appears feasible to treat a stack of 
graphite planes approximately lOoS. high as three or less
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crystal entities rather than to visualise the in e 
composed of individual aton layers.
Is n e i 11
■^ _e _£ 2_ r-A.J*'  ^ 2. I1 
This phenomenon has not hoen completely explained
and some of the different theories to account for it 
have been described already. With respect to mechanism, 
the most salient point of previous work has been the 
dependence of mobility upon surrounding atmosphere (Thomas 
and Walker 1964). In this work the decrease in decoration 
count as tiie pretreatment temperature was increased from 
600°C to 900°C is not necessarily indicative of annealing 
of dislocationso If dislocations were easily mobile and 
of low energy then the ultrasonic treatment would have been 
likely to cause dislocations rather than the converse. 
Furthermore, the preparation temperature for sj^nthetic 
graphite is 2800-3000°C and it was not likely that many 
dislocations would have been introduced in the subsequent 
gentle handling. Therefore the situation was that decora­
tion was more distinct, but of lower count, for the 900°C 
pretreatment rather than the 600°C pretreatment, and 
ultrasonic disintegration had very little effect upon 
decoration for either S.P.l. or P.G.A. graphites. Also 
pretreatment with cyclohexane inhibited decoration - even 
with 900°C pretreatment - in that there was a random 
distribution of metal particles, though the total number 
of metal particles present on the surface was greater.
This inhibition was shown by ehlorobenzene, acetone, 
nitrobenzene and tetraehloroethylene, but not by benzene
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( B a i r d F r y e r  and Talker 1969) . The third piece of 
relevant information is contained in the work of Brownlee, 
Fryer and V/ebb (i960) who showed that the hydrogenation 
of olefins catalysed by palladium proceeds at a greater 
rate over a palladium decorated graphite catalyst than 
over a randomly dispersed palladium/graphite catalyst.
From this it can be inferred that there is some electronic 
interaction between the support and the palladium to 
favour the formation of the it transition complex that 
is involved in this reaction. However, the dependence of 
decoration upon atmosphere, together with the effects of 
solvents, shows that direct metal/graphite interaction 
does not take place, and thus electron transfer between 
palladium and graphite must proceed via chemisorbed 
species. Therefore the mechanism for decoration postulated 
is that decoration only takes place on chemisorbed species 
on graphite, but the concentration of these species will 
depend upon their nature0 Thus surface oxides from air or 
water only occur in the vicinity of defects or at exposed 
edge atoms. This is not necessarily true for cyclohexane 
- with its high peroxide impurities - or the other 
organic solvents mentioned, Particularly in view of the 
ordered adsorption observed by Lander and llorrison. In 
these cases it would be reasonable to obtain different 
decoration by the silver, both in distribution and density.
The higher temperature of pretreatment would have
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decoration would be given, as was the situation. A 
detail of the studies of Thomas and YTalker was their 
remark upon the effect of oxidising atmospheres. Where 
the temperature is sufficiently high to cause react ion 
with the graphite, an entirely different mechanism would 
predominate, as will he discussed later.
Applying the theory to Thomas's and Hennig's work 
using etch decoration, they conclusively showed that mono- 
molecular steps were decorated. Thus for decoration on 
chemisorbed species to have occurred the species were 
either attached to a single carbon atom (or molybdenum 
ill Thomas's work) or attached to several atoms within the 
same layer. There could be no interlayer bridging by 
chemisorbed species. Thus the various planar surface 
oxides proposed by Hennig are in agreement with this 
theory. Considerable controversy has arisen about the 
possibility of a monomolecular film of metal being present, 
together with an island structure of metal particles.
Sumner (1966) showed that for platinum evaporated on to 
alkali halides at 200°C, there was a definite inter 
island film formed. This film was not visible in the 
electron microscope but did not arise from hydrocarbon 
impurities in the vacuum system since sputter ion pumps 
were used. The presence of a film of this nature would
explain the nobility of metal particles since the sur­
face energy b i i f o r e . n c e  oeteeen the particles and the film 
would probably be sufficient to account for movement at 
elevated temperatures.
Thus it is believed that decoration occurs on chenii- 
sorbed species which may, but not necessarily, occur at a 
defect. For graphite it .is reasonable to assume that dec­
oration on the basal plane is associated with non-basal 
defects since chemisorption is not thought to take place 
011 a perfect basal plane. However chemisorption on the 
prismatic planes could occur irrespective of emergent 
dislocations. Thereis not thought to be any direct cor­
relation between the absolute defect concentration and the 
decoration count, but for specimens of similar past history 
their relative decoration counts are probably indicative 
of their relative defect concentration, particularly for 
non-basal defects in graphite„
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Validity of the decoration method
It is assumed that the decoration count is 
proportional to the amount of silver deposited on the 
graphite surface* This assumption has not previously 
been questioned (Adamson 1966), but it was noticeable 
that when few defects were present then the silver tended 
to aggregate in larger droplets than when concentrated on 
an edge which has a high concentration of sites for 
nucleation. fherefore.the particle count was dependent 
upon the number of available sites.
The aggregation of the silver would also be very 
susceptible to the temperature, since activation energy 
for aggregation would have to be overcome when two large 
droplets coalesced. Thus there are three variables that 
must be considered when this decoration technique is 
applied; the amount of si'lver, the defect concentration, 
and the substrate temperature.
The amount of silver can be largely discounted since 
the background count would tend to normalise the results. 
This does, however, assume the mechanism for nucleation 
on the background is similar to that on the graphite.
The defect concentration should not - in these experiments - 
present a serious difficulty because of the very slight 
changes in defect concentration that were encountered.
The temperature is a more difficult parameter to assess, 
because it was also dependent upon the thermal conductivity
between the graphite and the heating element via the 
support film and specimen mount. No reliable estimation 
of temperature variations could be determined.
The final critical parameter concerns the statistical 
validity of the results. The standard deviation was 
very large in the results presented but, because of the 
limitations of specimen size, a large number of particle 
counts were not possible. However, in spite of the 
previous assumptions, these results can be concluded as 
representing a trend, but should not be regarded as precise 
values.
C a t a 1 v t i_ c 0 x _i d a t i o n .
The rapid onso t of platinum catalysed oxidation at
approximately 800°C agreed with the studies of Ileintz 
and Parker (1966) who reported an activation energy of 
84 keal/mole for this reaction. Hedley and Presland (1963 ) 
also studied this reaction and reported a iiigh mobility 
of platinum on a single crystal graphite surface which 
would account for a high pre-exponential factor in the 
Arrhenius equation, and thus explain the catalytic prop­
erties. The channels formed in the present studies were
f  — 1
found to he aligned with a 1010* nlanes similar to thoseo  L J
involved in uncatalysed oxidation, and probably the chemi­
sorbed species taking part in each case was the same.
Palladium, however, showed very much more dramatic 
characteristics. At 300-400°C nucleation occurred suddenly 
as did reaction at 500°C. These sudden changes in behaviour 
were indicative of a high activation energy for each 
process, the controlling factor being a steric one. From 
the distortion of the lattice it appeared probable that 
intercalation occurred and this has recently been proved 
(Baird, Fryer and Goldie 1969) with a definite compound 
being formed. It had also been shown that carbon was not 
significantly soluble in palladium (itaub and Falkenburg 
1964), though palladium and other transition metals will 
'wet1 a graphite surface (Naidich and Kolesnichenko 1961). 
The following reaction mechanism is believed to have
occurr e d :~
Initially the tempera Lure was raised so that 
decoration took place on ehemisorbed species (ie. surface 
oxides) at non-basal defects on the graphite surface.
Above this temperature the palladium atoms in the particle 
were mobile and no rigid bonding could take place with 
the chemisorbed species. Extensive formation and destructio 
of bonding then occurred as the palladium removed chemi­
sorbed species from the exposed graphite edge atoms, de­
sorbing CO and CO^ , in the process. As edge atoms were re­
moved in this manner the energy given off in the exothermic 
reaction was sufficient for palladium carbon intercalation 
to occur which resulted in distortion of the lattice. Thus 
the layer planes were further separated, there was easier 
access for reactant gas and the process continued.
However, by this stage the palladium would have gained 
enough energy for fusion, and with the gaseous products of 
reaction being emitted in all directions so that the 
particle was insulated from the surface by a gas layer; 
the particle thus became mobile. The intercalation re­
action acted as a force for movement, and the destruction 
of surface oxides provided energy for reaction. The re­
action only ceased when the intercalation reaction could 
not occur, because of defect structure or grain boundaries 
in the graphite. It was observed that when the reacting 
particle approached the edge of a graphite flake, it
changed direction so that the movement of the particle 
was always faci. ng unre.,.otsd graphite.
Summarizitig this:
1. Pd + C — C (0) _> Pd(o)C-C decoration
§ S
2. Pd(0)C~C — > Pd + C t + CO destruction of surface
^ ® oxide
3. C -2C + 0 — > C-2C(0) formation of surface oxideg 2 v '
4. Pd(0)C-C — > Pd(Ctr) + CO mobility and intercalation
5 o
This sequence assumes that CO is the reaction product,
C -C(0) refers to surface oxide bonded to graphitic carbon. 
§
Pd(0)C-C is a palladium-oxygen-carbon bridge compound 
S
joined to graphitic carbon. This reaction scheme is 
obviously much simplified since CO can be produced in 
various ways depending upon nature of oxygen attack, and 
also CO^ may be produced either directly or by the 
CO <— > COg exchange reaction. However, provided the temp­
erature is sufficiently high for reaction 2 to proceed, 
then reaction 4 will eventually take place which in turn 
will enhance reaction 3 by separating the carbon layer 
planes. Reactions 3 and 4 are known to take place, reaction 
1 has previously been discussed, and reaction 2 is not 
unreasonable, but is probably responsible for the high 
activation energy.
There did not appear to be any loss of palladium 
from a particle whilst mobile, thus Pd(C ) was consumer!
O
in reaction. A possible reason why this reaction was
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confined, to only a few particles is that reaction at 
monomolee alar steps would not provide sufficient energy 
for the sequence to he carried out.
There was also some evidence that the diffusion of 
silica from the support film was favoured by this reaction. 
The separation of the atomic planes on intercalation 
would account for this.
This mechanism is not dissimilar to that proposed by 
Long and Sykes (1948 and 1950) and Ileintz and Parker (19CS; 
except that they favour an electron interchange directly 
between the metal and the graphite with an intermediate 
compound Tf -bonded as in metallocenes. The oxygen they 
envisage as being present is a =C-M-0 type structure 
rearranging on desorbtion to release CO. The if-bonded 
structure is very likely for palladium since it favours 
the formation of this type of bond in olefine hydro­
genation cata.lysis, and would correspond to the intercal­
ated compound mentioned above. Heintz and Parker (1966) 
came to the conclusion that the most important, feature in 
catalysts for graphite oxidation was the volatility of tiie 
metal oxide. This would support a C-O-M type structure 
rather than a C-M-0 type. The relationship between the 
complex mentioned above and the ir-bonded intercalation 
compound is not clear at the present time, but it is sug­
gested that the separation of the layers during intercal­
ation is necessary for sufficient active surface to be 
presented to the palladium to produce the energy for 
mobility and fusion. 2500
U n c a t a .1 y s e cl 0 x__ i .d a t i on.
1. Orientati on.
The outstanding preference for exposure of ^1010 ' 
atomic planes was a feature not expected in the light of 
work performed elsewhere. The most significant study of 
orientation effect between prismatic planes was that of 
Hughes and Thomas (1965) who found from the orientation of 
basal plane pits, that the ^loiOj- planes were slightly
t ■'j
more reactive than the -(1120] planes. Their work was per­
formed at a higher temperature than that in the present 
study, and it was possible that the nature of the defect- 
initiating the basal plane pit had a significant role in 
the manner of oxidation.
Fig. 87 shows four possible configurations of surface 
oxides, the first three of which were described by IJermig, 
who did not consider- oxide C in detail since he did not 
find [lOlOj edges in his reactions. However there is no 
fundamental difference between oxides A and C’ with regard 
to reactivity of individual carbon atoms. Thus if these 
predominated on the graphite surface then it is difficult 
to understand a difference in reaction rates for different 
planes. Considering oxide B in terms of atomic radii the 
separation of the two bonding carbon atoms is 2.8lX., and
assuming C-0 single bonds with a bond angle subtended by
o othe oxygen of 111 then the spread of this oxide is 2.1a .
To ac c ommoda Ls this. eonsi d o r a "I > 1. e strain uus t bo induced
J
into the sys t em, however since it is known that peri­
pheral carbon atoms are in a distorted environment, this 
argument is not conclusive. The corresponding calculation 
for oxide I) gives a C separation of 2.46a which is much 
nearer the span of the oxide species. Therefore if oxide 
D is sterically favourable then it is expected that the 
(lOloj planes are most reactive.
Previously a puckered structure for graphite was 
described, and it is noticeable from this structure that 
the 4.92 cell has its edges bounded by {lOlOj planes.
Thus adjacent atoms in any one layer comprising the flOlO; 
planes will be at the same level parallel to the basal 
plane, whilst the atoms comprising the |1120> planes will 
not be level with their neighbours. This non planarity 
could give rise to steric hindrance between oxides of type 
B in adjacent layers, whereas this would not be the case 
for type D oxides. Therefore it is believed that the type 
D oxide predominates on the surface because it is 
sterically favoured and this is in agreement with the 
oxidation characteristics found.
Significant erosion along other atomic planes was not 
observed. In particular basal plane attack was not wide­
spread, in agreement with previous studies in this 
temperature range.
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Fig. 87.
Possible config-urations of surface oxide.
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2 . Kinetic st \ic! 1 .?s .
In the majority of experiments the extrapolation of 
the linear rate graph passed through the origin showing 
that there was no significant induction period. Therefore 
the reactant surface oxides were either formed very 
rapidly or were not removed during the degassing period.
No correlation with temperature could be made for those 
rate graphs that did not pass through the origin. This 
result agreed with the findings of other ’workers 
(Bonnetain 1959), that below 950°G the surface oxides 
involved in combustion were not easily desorbed and the 
effect of a 1 hour degassing below this temperature would 
be negligible. However, physisorbed oxygen and other 
impurities would have been removed during this 1 hour 
treatment.
Since the methods of estimation of the amount of 
graphite removed in this work were not well established, 
it was necessary to consider the validity of the methods.
I The major assumption was that basal plane attack was 
negligible compared to edge attack. If this was not the 
case then vertical edges would not have been formed, but 
.all the erosion was manifest in vertical edges, where 
pitting had taken place then great care was exercised 
in measurement. For example if erosion had proceeded along 
the line of a screw dislocation, then whilst it would have 
been reasonable to measure pit expansion in terms of the
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edges exposed at the top of the pit, e d g e s ex nosed lever 
d.owti would have been. in a lie lie a. 1 configuration rather 
than circular, thus making precise measurement difficult. 
The overall accuracy of the method for each individual 
point on the kinetic graph v;as probably not more than 5'/o 
since there were inaccuracies associated with the magnifi­
cation calibration in the 'microscope, distortion of photo­
graphic paper during printing, inaccuracies in tracing, ard 
edge measurement. These were experimental errors, but a 
much more important error was choice of a reaction area 
as being representative of a particular lattice face of a 
graphite crystal. This question will be dealt with in 
greater detail later, but it must be emphasised that the 
value in this technique lay in its ability to show 
relative differences in reactivity of different faces of 
the graphite lattice, rather than to give very accurate 
absolute values of reaction rates or activation energies.
A further advantage of this method of study was that 
the internal reaction of the graphite was not measured, 
and any effects of diffusion within the graphite crystal 
were unimportant. These various features meant that the 
results obtained for kinetic data would not necessarily 
agree with other methods of measurement, as these have 
estimated carbon removal from a bulk mass of graphite, 
whereas this method is concerned only with the most 
reactive cry (jr it 1 planes .
255 o
be twee n tie values of act i. vafc i. on energies found, in to is 
work and those found by other methods, was not due solely 
to methods of measurement, but also to the effect of 
impurities ~ notably silica.
It was clear that the silica or silicon monoxide 
from the support film diffused much more readily at higher 
temperatures, and its inhibitory effect of physically 
protecting the surface would lower the rates of reaction 
measured at these higher temperatures» Thus the slope of 
the activation energy graph would have been diminished 
and the activation energ}^ correspondingly smaller as was 
found in practice. Unfortunately the scatter of points on 
the activation energy graphs was too great to estimate 
whether these graphs were truly linear or curved. The 
latter would have been expected if the silica only pro­
tected the graphite by means of compound formation with 
the graphite, since a specific activation energy and 
temperature would have been required for compound formation 
However any curvature that was present was not very great 
and it would appear likely that this inhibition occurred 
solely by physical diffusion of the silica or silicon 
monoxide.
The difference* in activation energies between the 
S.P.l. and P.G.A. graphites was within the experimental 
error of the method. However since crystallite size of
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in their activation energies though it may have accounted 
for the different values of A in the Arrhenius equation.
A considerable amount of work has keen done in 
elucidating the order of the reaction of graphite with air 
and oxygen. In this study there was no direct attempt 
to measure the order of reaction, mainly because the gas 
pressure over the specimen could not be measured. The 
linearity of the kinetic data and also the probable 
pressure range suggests that the reaction order in this 
work is approaching zero and that the system is probably 
comparable with that of Blyholder and Eyring (1957)
3• Characteristics of oxidatio n „
The most noticeable feature of the oxidised graphite 
was uneven regression of eroded edges. The oxidation 
obviously commenced at unique points on the graphite edge 
and these developed into the 120° serrations along the 
flake. In some cases the particles of metal contaminant 
around the edge have caused this effect but in others no 
obvious reason was apparent. It is most probable that 
these sites of initial attack were slightly more favourable 
than the surrounding area and might well have been 
positions of emergent basal dislocations. However, from 
the fairly even size distribution of eroded areas, the 
favourabi1ity of these sites was very small, and probably
impurity atoms or other Minor inh omogeneities would have 
functicned in a s imi lar Manner, The contrast lines pro­
duced by normal basal dislocations did not indicate any 
sites of particular attack and once the erosion had 
started the advantage of a particular site did not appear 
to be very significant. There were a few exceptions to 
this, as shown by the area U in Fig.71c•where a particular 
region has been eroded, and the pits shown in Figs.76a and 
b; but in these cases there appears to have been a grain 
• boundary and contamination respectively.
Therefore it is not believed that features such as 
defects or impurity atoms emergent at the crystal edges 
were important with respect to the kinetics of oxidation, 
but they do govern the final configuration of the eroded 
edges. Though the defect concentration of P.G.A. was higher 
than that of 3.P.I., it also contained more impurities 
so it was not possible to deduce whether reaction was 
initiated by basal defects or impurities. The work by 
Thomas (1965) and Hennig (1959) using highly perfect 
natural graphite crystals showed much less serration of 
edges, but their experiments were performed in pure oxygen 
s o  again a definite deduction cannot be made.
The suggestion has been made (Feates 1968) that the 
mechanism of oxidation requires a plateau in front of the 
eroding edge to act as a collection area for reactive 
species. This theory did not seem likely from the present
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work, since if the support f i 1 hi could not have f. nnc t ioiied 
as such a platym i : thou the 1 ower layers of graphite coiii t 
never have keen eroded, so a 'ghost1 of the original 
graphite flake would always have remained after oxidation, 
and this was never observed. If the silica film could 
have acted as a collection plateau then a vertical graphite 
edge would have been preferentially attacked from the edge 
nearest the support film, and the shadowing experiments 
show that if there was any preference then the reverse 
occurred. In the unlikely event of the collection plateau 
being above and behind the eroding edge, no vertical edges 
should ever have been observed, which again was not the 
case. From the proposed structures of surface oxides, the 
lack of evidence for collection plateaus, and the catalytic 
oxidation results, it is believed that the desorption of 
the surface oxide is the important step in the oxidation 
reaction, and though ocher steps can be made to pre­
dominate under particular conditions (Bonnecain 1959,
Walker 1958) these are not the normal mode of behaviour.
An unexpected result from this work was the 
coherence of groups of layer planes within a particular 
graphite crystal. I'he moire"’" rotation graph was a vivid 
example of this but it was clearly shown in many of the 
micrographs that the oxidised unit corresponded to a 
rotated crystal that was giving rise to moire"" pat terns.
A possible explanation for .this is that between two units
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of layer planes I hero './as an expanded C spacing that nay 
have b e e n filled with intercalated gas molecules or o fchcr 
remnants of the past history of each particular graphite 
sample. Y/hilst these intercalated molecules did not play 
any part in reaction, they did separate the individual 
units that were being eroded. These gaps between units 
could well have constituted the micropores that have been 
found in adsorption experiments, and yet would n o t  have 
been sufficiently numerous to have been distinct in X-ray 
crystallographic measurements. The larger angles of 
rotation .riving rise to moire^ reflections would have been 
indications of a larger ’ C ’ spacing distortion between the 
units of layer planes.
Therefore the reactive entities of graphite with air 
in the temperature range 400-800°C were the ^1010j edge 
planes of layer units approximately 20-100a  in thickness, 
irrespective of lateral dimensions of the crystallites.
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The effect of silica in bulk, oxidations has been 
shown to have a positive catalytic effect when added in 
small quantities to graphite pellets (Rakszawski and 
Parker 1964) but in larger quantities they believed silic 
to inhibit oxidation because of formation of a protective 
coating. This effect at 700°C of increased reaction rate 
in the presence of silica was quite small and was even 
less marked at SOO°C. A chemical reaction between SiOQ 
and graphite has been found not to take place until 1170° 
(Minowa, Kato, Mizuta 1961) and thus for the effects 
reported here only physical diffusion could be considered 
The evidence that the diffusion of silica was more 
favoured in P.G.A. graphite would agree with the concept 
of diffusion taking place in a similar manner to inter­
calation with access only occurring at terminating layer 
planes. P.G.A. was more disordered than S.P.l. and the 
smaller crystallite size resulted in more edges being 
available for access. In this work excess silica was 
present and so the formation of a protective coating as 
envisaged by Rakszawski and Parker would have been 
permissible, but there was no visible evidence of such 
a layer in the microscope and the inhibitory effect of 
intercalated.layers is believed more likely.
The results presented in this work showed two 
distinct features that would benefit from further invest! 
gat ion. The first was the behaviour of metal particles 
during catalytic oxidation of graphite. More extensive 
studies utilising a variety of different metals should 
give information with respect to the effect of the 
electronic configuration of the metal concerned, and 
possibly throw more light upon the reactivity of the 
graphite basal plane. The second feature concerned the 
anistropy between the prismatic planes involved in un­
catalysed oxidation. The characteristics of oxidation in 
the presence of other gaseous molecules might enable 
selective poisoning of particular crystal planes to be 
carried out, and this in turn may furnish further informa 
tion upon the configuration of surface oxides present on 
these planeso
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